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vSummary
The anisotropic composite nature of human teeth guarantees their function for
decades under high mechanical loads and adverse chemical conditions. Even more
so since only marginal remodeling and repair mechanisms take place in adult teeth.
While the macroscopical anatomy of the tooth has been well understood, long range
ordering of the tooth’s micro and nano components is still matter of research. Tooth
micro- and nanostructure has been extensively studied, mainly with two-dimensional
approaches as, for example, electron microscopy. The ultrastructural organization
over a whole tooth is, however, not readily accessible with these approaches, because
they only permit a very localized observation and often even remove the investigated
structures from their natural three-dimensional organization.
The high degree of anisotropy in both dentin and enamel on the micro- and nanome-
ter scale has a strong impact on the tooth’s mechanical properties. For example, the
Young’s modulus and crack resistance of dentin are different parallel and perpendicu-
lar to the dentin tubules. Synchrotron radiation-based micro computed tomography
with pixel sizes in the sub-micrometer range allows to three-dimensionally image
dentin tubules, however only over restricted specimen sizes below one millimeter
in diameter. To map the tubular network over an entire tooth, multiple scans are
necessary. Given the generally limited beamtime available at synchrotron sources, a
method has to be identified that allows for the visualization of dentin tubules with
high accuracy and within reasonable time. Single distance phase retrieval, multiple
distance phase retrieval and absorption contrast datasets, acquired at the beamline
ID 19 at ESRF, were compared concerning their spatial and density resolution as
well as their suitability for tubule rendering, and single distance phase retrieval,
with a specimen detector distance of 75% of the critical value d2/λ, was found to
yield optimal results.
The knowledge of tooth ultrastructure is of particular interest when dealing with
carious lesions. The treatment of carious lesions is nowadays accompanied by the
removal of affected hard tissues and their replacement with isotropic restoration
materials. Despite their high performance, these restorations have limited life span.
As a result, additional clinical interventions and the replacement of the restoration
are often necessary. An alternative would be the fabrication of anisotropic fillings,
which mimic the natural organization of the tooth. Such structures are speculated
to exhibit properties similar to those of healthy teeth and thus to be superior to
the isotropic materials currently in use, thus extending restoration lifetime. For
this purpose an extensive mapping of tooth ultrastructure is necessary. Small-angle
X-ray scattering (SAXS) in scanning setup allows for the investigation of tooth
nanostructural organization over extended areas. Scanning SAXS measurements of
micrometer-thin tooth slices were performed at the cSAXS beamline at the Paul
Scherrer Institut, revealing a high degree of structural organization of the tooth’s
nanometer-sized components. Based on this knowledge, a model for bio-mimetic
fillings was proposed.
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Nonetheless, bio-inspired fillings would still require costly interventions, and their
superior performance has not been demonstrated yet. As alternative to restora-
tions, where the affected tissue is removed and replaced with man-made materials,
a treatment based on the re-mineralization of the carious lesion could be performed.
The aim is not only the re-mineralization of de-mineralized tissues, but also the
re-establishment of tooth morphology including its nanostructure, which in return
will ensure mechanical properties comparable to those of healthy tissue. The mor-
phology of the carious tissue is crucial for this procedure, as the structures retained
in the lesion can act as nucleation sites for the re-mineralizing crystallites. Carious
dentin and enamel were examined with scanning SAXS to determine whether the
organization on the nanometer level is retained to some extent. In dentin, a signifi-
cant part of the collagen network is retained concerning orientation and abundance
after mild demineralization has taken place. In enamel, the overall orientation of the
hydroxyapatite crystallites is unaltered, despite the complex organization of enamel
lesions, consisting of alternating layers of de- and re-mineralized tissue.
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Zusammenfassung
Menschliche Zähne bestehen aus stark anisotropen Verbundmaterialien, die trotz
hoher mechanischer Belastungen und widrigen chemischen Bedingungen über Jahre
Bestand haben. Dies obwohl Zähne nur über minimale regenerative Möglichkeiten
verfügen. Die makroskopische Anatomie des Zahns ist gut bekannt. Seine Mikro- und
Nanoanatomie hingegen sind noch nicht vollständig erforscht und auch heute noch
Gegenstand intensiver Untersuchungen. Dazu werden meist zweidimensionale hoch-
auflösende Bildgebungsverfahren, wie z.B. die Elektronenmikroskopie, verwendet.
Allerdings sind mit diesen Methoden üblicherweise nur sehr lokalisierte Analysen
möglich. Zusätzlich ist die Probenpräparation aufwändig, und kann unter Umstän-
den die einzelnen Komponenten aus ihrer natürlichen Anordnung lösen.
Gerade die Zusammensetzung und Ausrichtung der Mikro- und Nanostruktur im
gesamten Zahn sind aber von grossem Interesse, da diese die mechanischen Eigen-
schaften des Zahns bestimmen. So sind z.B. der E-Modul und die Rissfestigkeit des
Dentins parallel und senkrecht zur Ausrichtung der Tubuli verschieden. Durch eine
vollständige 3D-Visualisierung der Tubuli können daher Rückschlüsse auf die lokalen
mechanischen Eigenschaften des Dentins gezogen werden. Diese Fragestellung kann
mit Hilfe der synchrotronstrahlungsbasierten Mikro Computertomographie angegan-
gen werden. Allerdings sind die Probengrössen, die man derzeit mit dieser Methode
scannen kann, auf unter einen Millimeter Durchmesser beschränkt. Um die tubuläre
Struktur eines ganzen Zahns zu untersuchen sind daher etliche Scans notwendig.
Da Strahlzeit an Synchrotronquellen begrenzt ist, sollte die Scanmethode einerseits
die nötige Orts- und Dichteauflösung liefern, andererseits aber mit möglichst we-
nig Strahlzeit auskommen. Deshalb wurden in der vorliegenden Arbeit verschiedene
Aufnahmemodalitäten verglichen. Die Messungen wurden an der Beamline ID 19 am
ESRF durchgeführt. Es wurden Phasenrekonstruktion aus einem einzigen Proben-
Detektor Abstand, Phasenrekonstruktion aus mehreren Proben-Detektor Abstän-
den und Absorptionskontrasttomographie bezüglich Orts- und Dichteauflösung so-
wie Tubulidarstellbarkeit verglichen. Die Einzel-Abstand Phasenberechnung mit ei-
nem Proben-Detektor Abstand, der 75% des kritischen Werts d2/λ beträgt, wurde
als die optimale Methode identifiziert.
Von besonderem Interesse ist die Zahn-Ultrastruktur wenn kariöse Läsionen vorhan-
den sind. Die Behandlung besteht oftmals in der Entfernung der befallenen Stelle und
deren Ersatz durch i.A. isotrope Materialien. Obwohl diese mittlerweile hervorragen-
de mechanische Eigenschaften aufweisen, haben sie eine begrenzte Lebensdauer, was
oft eine Nachbehandlung und den Austausch des Zahnersatzes erfordert. Ersatzma-
terialien, die die lokale Beschaffenheit des Zahns auf der Mikro- oder Nanoskala
imitieren und daher zahnähnliche anisotrope mechanische Eigenschaften aufweisen,
sollten hier von Vorteil sein, da erwartet werden kann, dass ihre Eigeschaften diejeni-
gen herkömmlicher Materialien übertreffen. Für die Fertigung solcher Materialien ist
es notwendig, die ortsabhängige Nanomorphologie des Zahns zu kennen. Diese kann
mit Kleinwinkel-Röntgenstreuung im Scanning-Modus (scanning SAXS) erschlossen
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werden. Scanning SAXS Messungen an Mikrometer dünnen Zahnscheiben wurden
an der cSAXS Beamline am Paul Scherrer Institut durchgeführt. Der hohe Grad an
struktureller langreichweitiger Organisation der Zahn-Nanokomponenten konnte so
sichtbar gemacht werden. Anhand dieser Ergebnisse wurde ein Modell einer biomi-
metischen Zahnfüllung erstellt, welche die Nanomorphologie des Schmelzes und des
Dentins imitiert.
Allerdings kann auch eine biomimetische Füllung mit überlegenen Eigenschaften die
Notwendigkeit eines klinischen Eingriffs und die damit verbundenen Kosten nicht
beseitigen. Hier können Ansätze, die auf die Reparatur des beschädigten Gewebes
abzielen, Abhilfe schaffen. Ihr Ziel wäre nicht nur die Remineralisierung von kariösem
Schmelz und Dentin, sondern auch die Wiederherstellung der Zahnmorphologie im
Nanometerbereich, was auch die Wiederherstellung der mechanischen Eigenschaf-
ten des Zahns gewährleisten würde. Für eine solche Behandlung ist wiederum die
Nanomorphologie des kariösen Gewebes ausschlaggebend, da die in der Läsion vor-
handenen Strukturen als Keimbildungsstellen für die remineralisierenden Kristallite
fungieren können. Kariöse Läsionen wurden ebenfalls an der cSAXS Beamline un-
tersucht. Dabei wurde festgestellt, dass trotz kariösem Befall sowohl im Schmelz als
auch im Dentin die natürliche Organisation der Nanostruktur zumindest teilweise
erhalten ist. Im Dentin ist besonders in den frühen Stadien der Karies oder bei
leichter Demineralisierung unter 10% ein signifikanter Anteil des Kollagennetzwerks
bezüglich Menge und Orientierung erhalten. Im Schmelz ist die allgemeine Orien-
tierung der Hydroxyapatitkristallite trotz der komplexen geschichteten Struktur der
Läsion erhalten.
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11 Introduction
Human teeth belong to the most durable tissues in the human body. Their aniso-
tropic composite nature guarantees function for decades under mechanical loads as
high as 380 N [1] and adverse chemical conditions, even more so since only marginal
remodeling and repair mechanism in adult teeth take place. Enamel, constituting
the crown of the tooth, is composed to 96% of carbonated hydroxyapatite, while less
than one precent of organic material is present [2]. The high mineral content makes
enamel the hardest substance in the human body, but also renders it quite brittle
and prone to crack formation. The microscopic organization of enamel reflects its
formation process. The growth tracks of the ameloblasts, the cells responsible for
enamel formation, present themselves as keyhole-shaped prisms or rods [3], which
run from the dentin-enamel junction (DEJ) towards the tooth surface. The organi-
zation of the primary structural units of enamel, the nanometer-sized hydroxyapatite
crystallites, has been studied extensively with scanning and transmission electron
microscopy (SEM, TEM), [3–5]. Crystallites within the rod head run parallel to the
rod direction, while their angle with respect to the rod direction increases to reach
angles as high as 60◦ within the tail [3, 6, 7].
The supporting structure of human teeth is dentin, which abuts on enamel. It is
essentially composed of carbonate-rich enamel crystallites embedded in an organic
matrix of collagen fibers. The distinguishing microstructural features are the dentin
tubules, micrometer-thin channels which mark the growth tracks of the odonto-
blasts and run from the DEJ towards the pulp. They are surrounded by the highly
mineralized peri-tubular dentin (PTD) and embedded in a less mineralized collagen-
hydroxyapatite composite termed inter-tubular dentin (ITD). The collagen fibers lie
perpendicular to the tubules, and the dentinal hydroxyapatite crystallites align along
the collagen fibers [8]. Therefore, dentin tubuli orientation is strongly linked to the
organization of the nanometer sized dentin components.
While the macroscopical anatomy of the tooth has been well understood, long range
ordering of tooth micro and nano components is still matter of research. Extensive
investigations have been performed in this direction, mainly with two-dimensional
approaches as SEM and TEM, which only permit a very localized observation and
often even remove the investigated structures from their natural three-dimensional
(3D) organization, thus loosing important information about the orientation. The
high degree of anisotropy in both dentin and enamel, however, has a strong impact
on their mechanical behavior as well as on diffusion processes involved in carious
attacks. It is therefore desirable to identify a technique that allows the investigation
of the nanometer-sized tooth components while still retaining fields of view in the
order of 1 cm2.
2 1 Introduction
Small-angle X-ray scattering
The present work proposes small-angle X-ray scattering (SAXS) in combination
with scanning in real space [9,10] as a possibility to access information about tooth
nanostructure over extended areas. As all scattering techniques, SAXS is based on a
reciprocal relationship between the size of the scattering features and the scattering
angle [11]. Classically, the relation between scattering angle and X-ray wavelength
is given by the Bragg equation
nλ = 2dsin(θ) (1.1)
where λ is the wavelength of the X-rays, d is the size of the scattering features,
2θ is the scattering angle, and n = 1, 2, 3 . . .. For values of d much larger than
λ, the scattering angle becomes accordingly small. More generally, the diffraction
pattern of a sample can be described in terms of reciprocal, or Fourier, space [12],
if only coherent scattering is considered. Since the scattering angles are small, this
condition is met [11]. Let ρ(r) denote the electron density of the sample, then the
scattered amplitude corresponds to
A(~q) =
∫
ρ(r) · e−i~q·~rdV (1.2)
where q = 4pi
λ
sin(θ) is the momentum transfer of the scattered photons. Since not
the amplitude, but the intensity I of the scattered photons is detected, the scattered
intensity observed at a certain q-value is the square of the amplitude A(~q) [12]. It
follows from Eq. 1.2 that for samples with constant electron density no scattering is
observed. Only specimens exhibiting electron density variations on the nanometer
scale will yield SAXS signal [11].
In the scanning setup, as preformed at the cSAXS beamline (Swiss Light Source,
Paul Scherrer Institut, Villigen, Switzerland), the specimen is scanned through the
micro-focus X-ray beam in a raster scan fashion in the plane perpendicular to the
beam. At each raster point, a scattering pattern is acquired. In such a fashion, a
two dimensional (2D) map of the investigated specimen is created, containing infor-
mation about orientation, degree of anisotropy and abundance of nanometer-sized
scatterers within the the plane perpendicular to the beam. Generally, micrometer-
thin specimens are required. On one hand, since only a small fraction of the incoming
radiation contributes to the scattering signal, X-ray absorption should be kept as
low as possible. On the other hand, the whole illuminated volume contributes to
the scattering signal. If morphologically different zones are present within the thick-
ness of the specimen, all will contribute to the SAXS signal, making a distinction
difficult.
Scanning SAXS has been successfully applied to a variety of fields, like material and
life sciences. For example, anisotropic layers in injection-molded polymer micro-
cantilevers [13] and embossing-induced crystallinity in commercially available PEEK
foils [14] have been investigated. Moreover, investigations of human brain tissue and
urethra were performed [15].
Dentin tubular structure
For the mechanical properties of human teeth, the tubular structure in dentin is
of particular interest. For example, Nalla et al. [16] reported that the fracture
3toughness of dentin varies depending on the crack orientation with respect to the
dentin tubules. Many studies on dentin tubular structure, mainly based on 2D
approaches exist [16–18]. It is generally assumed that the tubules run parallel to
each other in a continuous fashion from the DEJ to the pulp. However, local tilting of
tubuli with respect to each other and tubuli that end before reaching the pulp might
occur. Synchrotron radiation-based micro computed tomography (SRµCT) using
hard X-rays offers the means to image tooth microstructure and has, for example,
successfully been applied to the investigation of cryo-induced cracks [19] or for the
quantification of tooth abrasion [20]. With the advent of detectors with pixel sizes
in the sub-micron range, the 3D investigation of dentin tubuli became possible with
tomographic setups both in absorption [21–24] and phase contrast [25,26] modalities.
However, due to the reduced pixel sizes, the field of view is restricted to about one
millimeter. Therefore, in high resolution tomographic investigations generally tiny,
sub-millimeter thin rods were cut from human teeth. Thus it is not yet possible to
access the entire tubular structure within the tooth with a single specimen, and scans
of multiple specimens obtained from one tooth would be necessary [22]. Therefore,
the identification of an imaging approach suited for the visualization of dentin tubuli
with the required spatial resolution within reasonable time is necessary.
Possible approaches for the treatment of caries
The knowledge of tooth ultrastructure is of particular interest when dealing with car-
ious lesions. Caries is a bacterial infection that damages enamel and dentin through
the release of acidic species which dissolve tooth tissues. Since human teeth possess
only minimal regenerative possibilities, treatment of caries is often accompanied by
the removal of the affected region. The anisotropic load bearing tooth tissue is re-
placed with isotropic restoration materials. With the exception of posts, restoration
materials that mimic the anisotropic, highly oriented tooth structure do not exist.
Hence, even though current restoration materials exhibit outstanding mechanical
properties, they do not fully fit the performance of healthy tooth tissues, resulting
in a limited life span of the restoration, which renders further interventions necessary
[27, 28]. A possible approach for the improvement of filling materials is the realiza-
tion of bio-inspired dental fillings, which mirror tooth micro or nano-morphology
[21]. The nanometer-sized components in dentin and enamel change their orienta-
tion depending on the location within the tooth. The morphology of the restoration
should adapt accordingly. Therefore, a comprehensive understanding of nanostruc-
tural organization within human teeth is necessary.
Although caries can be sometimes arrested under optimized conditions, removal of
the affected part is generally unavoidable to the present day given the low regener-
ative capabilities of human teeth. Since restorative dental treatments are generally
associated with high costs, the question arises whether it is possible to regener-
ate the damaged tissues instead of replacing them. The possibilities have mainly
been examined in vitro [29, 30]. However, caries is a complex process, involving
many cycles of naturally occurring de-mineralization and re-mineralization, leading
to porous substrates with varying pore sizes and pore size distributions, which in
return affect the diffusion processes involved in the dissolution of the dental tissues
[5,31,32]. Thus, the caries affected regions exhibit different morphologies depending
on location.
4 1 Introduction
Early carious lesion are restricted to enamel. They are described as consisting of
four zones. The surface layer is located at the outer surface of enamel. It appears as
a thin, relatively unaffected region with about 10% mineral loss. Adjacent to it the
so called body of the lesion is found, an extended area exhibiting an increased de-
mineralisation of about 25%. Even deeper within the lesion one finds the dark zone,
presenting only about 6% mineral loss. The most advanced region, called translucent
zone, exhibits only minimal de-mineralization, generally below 5%. This classifica-
tion is based on polarized light microscopy, which does not offer sufficient spatial
resolution to access information about the individual crystallites. SAXS on the other
hand fits for the investigation on the length scale of the crystallites, and allows to
access tooth nanostructure orientation, which appears to remain unaltered by the
attack [33]. It also allows estimates of pore abundancy and pore size distribution,
independent on pore accessibility, as opposed for example to vapour deposition. A
deep characterization of the enamel carious zones will allow for a better understand-
ing of the carious process and therefore facilitate the development of non-invasive
restoration treatments.
When dealing with deeper lesions, dentin becomes affected. Here, multiple attempts
of classification were made. Ohgushi et al. [34] proposed a classification based on
the stainability with fuchsin. More recently, Pugach et al. [35] used a similar
approach, and defined four different zones within carious dentin. Since dentin is
a composite, consisting of organic and inorganic components, the question arises
whether these components react differently to the carious attack. Since the inorganic
hydroxyapatite is highly susceptible to acidic attacks, it can be expected that its
dissolution proceeds faster than that of the organic components, and thus in carious
lesions the collagen is preserved to a certain extent. This has important implications
for a possible re-mineralization treatment. As the anisotropic morphology on the
micro- and nanoscale are fundamental for the tooth’s mechanical performance, such
treatments should not only aim at restoring the original mineral content within
the affected dentin, but also to restore its original morphology. The presence of
an unaffected collagen network might act as nucleation site for the formation of
crystallites, thus allowing to revert the damaged caused by the carious infection.
The inspection of teeth with non-destructive X-ray methods allows to access their
morphology on the micro- and nanometer scale, making a quantitative classification
of carious tooth structure possible.
Salient points
Chapter 2.1 deals, on the one hand, with the possibilities for the visualization of
tooth microstructure. Visualization of dentin tubules by SRµCT was demonstrated
and their orientation at the DEJ revealed. Since only a restricted part of a tooth
was imaged, however, generalizations regarding tubule orientation at the DEJ are
somehow speculative. On the other hand, tooth nano-anatomy, focusing on unaf-
fected healthy tooth tissues, was inspected with scanning SAXS, revealing strong
anisotropy within the tooth and its long range organization. Note that in Figures 6
and 7 the color-wheel indicates the main axes of the scatterers, not the orienta-
tion of the scattering signal as stated in the figure captions. Therefore, Figure 8
is presented in a modified fashion in Deyhle et al. [36]. Based on these findings
dental experts proposed a model for bio-inspired dental fillings, which mimic the
5natural organization of the human tooth, illustrated in Figure 8. The contribution
of Figure 8 to the manuscript by Dr. Bernd Ilgenstein is gratefully acknowledged.
In chapter 2.2 the possibilities for an optimized visualization of the dentin tubular
system by diverse SRµCT approaches is investigated further. Single-distance phase
retrieval, performed with the freely available software ANKAphase [37], which is
based upon an algorithm presented by Paganin et al. [38], is proposed as the option
of choice. An optimal specimen-detector distance for tubule visualization is postu-
lated based on the contrast-to-noise ratio, slightly modified from the one proposed
by Herzen et al. [39] to better fit the experimental data, and spatial resolution of
the acquired datasets. The reconstruction of the multiple-distance phase retrieval
data by Dr. Sabrina Lang is gratefully acknowledged.
Caries-induced changes to the tooth’s nanostructural components are investigated in
chapters 2.3 and 2.4. Chapter 2.3 focuses on dentin, with particular attention given
to its organic components. Twelve specimens, exhibiting carious lesions extending to
the dentin, were investigated. The intensity of scattering originating from collagen
I, related to collagen abundance, was extracted from the scattering patterns based
on an algorithm proposed by Bunk et al. [10] and compared to the X-ray absorption
within the lesions, revealing that a significant part of the collagen network remains
intact concerning abundance and orientation when de-mineralization does not exceed
90% in dentin.
Chapter 2.4 deals with early enamel caries, where the dentin is not or only minimally
affected. SAXS measurements reveal distinct zones within the enamel lesion, which
can be distinguished by their scattering potential, linked to caries induced voids in
the inorganic phases of the enamel. Two zones, presenting similar pore size distri-
bution, but different pore abundance, are identified in the outer parts of the lesion.
A third zone, presenting larger pores, is located adjacent to the enamel. Despite
the degradation of the inorganic phases within the lesion, the data demonstrate the
preservation of orientation of the overall enamel structure. The invaluable help in
data interpretation by S.N. White is gratefully acknowledged.

72 Results
2.1 Implications of tooth micro- and nanoimaging for clinical
applications
The manuscript proposes synchrotron radiation-based micro computed tomography
and small-angle X-ray scattering as methods for the investigation of tooth micro-
and nanostructure. Based on the acquired data speculations are made about the
possibility of bio-inspired dental fillings, which mimic the natural organization of
tooth tissue.
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ABSTRACT 
Human teeth are anisotropic composites. Dentin as the core material of the tooth consists of nanometer-sized calcium 
phosphate crystallites embedded in collagen fiber networks. It shows its anisotropy on the micrometer scale by its well-
oriented microtubules. The detailed three-dimensional nanostructure of the hard tissues namely dentin and enamel, 
however, is not understood, although numerous studies on the anisotropic mechanical properties have been performed 
and evaluated to explain the tooth function including the enamel-dentin junction acting as effective crack barrier. Small 
angle X-ray scattering (SAXS) with a spatial resolution in the 10 µm range allows determining the size and orientation of 
the constituents on the nanometer scale with reasonable precision. So far, only some dental materials, i.e. the fiber 
reinforced posts exhibit anisotropic properties related to the micrometer-size glass fibers. Dental fillings, composed of 
nanostructures oriented similar to the natural hard tissues of teeth, however, do not exist at all. The current X-ray-based 
investigations of extracted human teeth provide evidence for oriented micro- and nanostructures in dentin and enamel. 
These fundamental quantitative findings result in profound knowledge to develop biologically inspired dental fillings 
with superior resistance to thermal and mechanical shocks. 
Keywords: human tooth, dentin, enamel, small angle X-ray scattering, micro computed tomography, microtubules, 
anisotropy, microstructure, nanometer scale, synchrotron radiation 
 
1. INTRODUCTION 
Enamel and dentin of human teeth belong to the anisotropic biological materials. Enamel is known as highly mineralized 
hard and brittle substance [1]. On the micrometer scale, oriented enamel rods or prisms can be observed, which are the 
result of polarized columnar cells termed ameloblasts. These enamel rods mainly consist of densely packed calcium 
phosphates. It is also found within the spaces between the crystallites. The only difference between the calcium 
phosphate in and between the rods is their orientation on the nanometer scale.  
Dentin can be regarded as a natural composite consisting of carbonate-rich calcium phosphate nanometer-sized 
crystallites embedded in collagen fiber networks. As the result of the different composition and density X-ray-based 
imaging easily permits the discrimination between the two hard tissues dentin and enamel. 
While the principal anatomy of the tooth has been understood since decades, the detailed three-dimensional micro- and 
nanostructure especially at the dentin-enamel junction is still matter of research (see, e.g. [1-3]). Electron microscopy 
micrographs provide impressive qualitative insights into the crystallite morphology, but the quantitative evaluation is 
time-consuming and complex as well as distorted by the sectioning artifacts. Nevertheless, there are several successful 
attempts to uncover the size, orientation, and density of the apatite crystallites as well as the organization of the collagen 
fibrils in the three-dimensional space.  
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The studies include synchrotron radiation-based small angle X-ray scattering (SAXS) with a spatial resolution down to 
200 µm [3]. Although these SAXS studies already indicate local variations in the ordered phases within the dentin, the 
restricted spatial resolution has not allowed any conclusion about the enamel-dentin junction that is of paramount 
importance for the mechanical properties of the entire teeth [1]. The present investigation evaluates how far scanning 
SAXS with a spatial resolution in the range of 10 µm [4] can contribute to an improved understanding of the nano-
architecture of dentin and enamel in particular near the dentin-enamel junction, where the ordered dentinal tubules are 
supposed to end. This morphological transition adapts the mechanical properties between the enamel of high strength 
and brittleness and the supportive compliant dentin [1]. So far, dental fillings used to repair (caries-induced) defects do 
not exhibit any similar micro- or nano-architecture neither anisotropic mechanical properties as observed for the two 
biological materials. In this context, the current study on the three-dimensional micro- and nano-architecture of the 
underlying structural elements should enable the realization of bio-mimetic dental fillings with superior resistance to 
thermal and, more important, to mechanical shocks. 
2. MATERIALS AND METHODS 
2.1 Tooth selection and preparation for X-ray imaging 
An extracted non-restored molar tooth of the fourth quadrant without any visible damage was selected for the 
experiments. The human tooth was caries-free as it did not show any clinical sign of enamel caries. For the 
measurements the extracted tooth was placed into an Eppendorf tube to avoid dehydration. 
2.2 Conventional micro computed tomography of teeth 
Micro computed tomography (µCT) measurements of the complete tooth in the liquid-filled Eppendorf tube were 
performed with the system 1174™ (SkyScan, Kontich, Belgium) [5, 6]. The fixed specimen rotation stage allows for 
positioning in one direction perpendicular to the X-ray beam. The X-ray absorption of the tooth required the highest 
possible accelerating voltage of 50 kV and the application of a 0.5 mm-thick aluminum filter. The focus between the X-
ray scintillator and the one megapixel CCD detector was adjusted to obtain an isotropic pixel size of 28.8 µm. 900 
projections from 0 to 360° in steps of 0.4° were recorded using a beam current of 800 µA. The reconstruction was 
performed with a modified Feldkamp algorithm using SkyScan Nrecon™ software. 
 
Fig. 1. Preparation of teeth slices for the high-resolution measurements parallel and perpendicular to the tooth axis. The 
images were generated from the µCT-data using the software VG Studio Max 1.2.1 (Volume Graphics, Heidelberg, 
Germany). 
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2.3 Specimen preparation 
Based on the µCT results of the complete tooth, Figure 1 schematically shows the harvesting of slices with thicknesses 
of about 200 µm and 300 µm, respectively. The slices were obtained parallel and perpendicular to the tooth axis. A saw 
(Exact Apparatebau GmbH, Norderstedt, Germany) equipped with a 0.2 mm cutting diamond band served for the slice 
preparation. 
2.4 Synchrotron radiation-based micro computed tomography 
The SRµCT-measurements were performed at two different beamlines: W 2 (HASYLAB at DESY, Hamburg, Germany) 
and TOMCAT (SLS at PSI, Villigen, Switzerland). 
The beamline W 2 with its standard setup for absorption contrast tomography [7], operated by the GKSS Research 
Center, served for the simultaneous visualization of a series of teeth slices combined in one container filled with 
phosphate buffer saline (PBS). The photon energy was set to 45 keV. The present study included two datasets at different 
heights, which were combined after reconstruction with pixel resolution. The rotation axis was chosen asymmetrical to 
the incoming X-ray beam to increase the spatial resolution [8]. Therefore, the complementary projections were combined 
before reconstruction. The number of projections corresponded to 1441 acquired by rotating the sample in steps of 0.25° 
from 0 to 360°. The filtered back-projection algorithm served for the slice-wise reconstruction [9]. In order to improve 
the density resolution at the restricted number of projections, the data, recorded with a pixel size of 4.6 µm, were binned 
by a factor of two before reconstruction [10]. The spatial resolution determined from the 10% value of the modulated 
transfer function of a highly X-ray absorbing edge corresponded to 8.8 µm [11]. 
The SRμCT-measurements at TOMCAT [12] were carried out in absorption contrast mode using a photon energy of 
15 keV with a band width of 2% to 3% and an exposure time of 170 ms per projection. The absorption contrast contains 
edge enhancement as well. For these experiments a rod was cut out of the tooth slice so that the specimen presented with 
a maximum diameter of 0.7 mm. This setting permitted high-resolution measurements with a pixel size of 0.37 µm. The 
specimen held in air was rotated in steps of 0.12° between 0° and 180° to record the projections. Reconstructed data were 
obtained by means of the filtered back-projection available at the beamline, where 9 height steps were acquired to follow 
a reasonable volume within dentin and enamel as well as of the dentin-enamel junction. 
2.5 Small angle X-ray scattering 
Small angle X-ray scattering (SAXS) is a powerful method that profits from the elastic scattering of X-rays at features 
within the nanometer range [13]. SAXS is usually restricted to scattering angles well below 10°. SAXS data contain 
quantitative information averaged on the illuminated area. 
As schematically shown in Figure 2, the X-ray beam with the selected photon energy is scattered by the nanometer-sized 
features of the tooth slice. The interaction of the keV-photons with matter, however, is rather weak, so that most of the 
beam simply penetrates the tooth slice. In order to detect the weak scattered intensities, a beam stop is usually 
incorporated (see Figure 2). 
The SAXS measurements were performed at the cSAXS beamline of the Swiss Light Source (Paul Scherrer Institut, 
Villigen, Switzerland). A monochromatic X-ray beam with a photon energy of 18.58 keV was focused to a spot of about 
20 μm × 5 μm for the raster scan measurements. Two modules of a PILATUS detector [14] with about 190'000 pixels in 
total have been used for the detection. To speed up the data acquisition, the tooth slice was moving at constant speed 
along a line of the 2D raster pattern, while the detector was continuously recording data. The detector was operated with 
20 ms exposure time and 8 ms readout time. This selection corresponds to a frame rate of 36 Hz. 
In order to determine information on the abundance of nanostructures of interest within the illuminated point of the raster 
scan, the recorded intensity was averaged within the related ring around the through beam. The orientation and the 
anisotropy of these nanostructures follow the angular intensity distribution along the ring [4]. One finally obtains an 
intensity map with the color-coded orientation for the selected nanometer range. 
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Fig. 2. The X-ray beam, about 5 µm × 20 µm wide, perpendicularly hits the tooth slice that can be moved along x and y 
directions. For each (x,y)-position a SAXS pattern is recorded. Finally a ring of each SAXS pattern around the direct 
beam is analyzed to determine the size and orientation of the nanometer-sized features of dentin and enamel. 
3. RESULTS 
3.1 Micro computed tomography to characterize the tooth slices 
Synchrotron radiation-based micro computed tomography (SRµCT) served for both the determination of the outer shape 
of the entire slice, which includes the measurement of the slice thickness, and the internal microstructure of the tooth 
slice.  
 
Fig. 3. The high-resolution tomography experiments of the tooth slice enable the segmentation of two homogeneous 
components (enamel and dentin) and the interface (as the result of the partial volume effect). In addition, the image also 
shows a crack and an abrasion on the enamel. 
One can perfectly discriminate between enamel and dentin because of the different X-ray absorption (see Figure 3). 
Dentin and enamel, however, appear as homogeneous materials. Hence, the value of the SRµCT remains in the 
measurement of the slice thickness and parallelism and, more important, in the local orientation of the dental-enamel 
junction. If the dental-enamel junction is parallel to the beam direction for the SAXS measurements, one can draw 
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conclusions about this interface. If the interface, however, shows an angle of 45° for instance, the SAXS-measurements 
yields a mean value of both enamel and dentin. 
3.2 Microstructure of dentin: Visualization of tubules 
For the high-resolution tomography, a rod was cut from one 500 µm thick tooth slice. This rod fits well into a cylinder 
less than 0.7 mm in diameter and, therefore, allows for sub-micrometer resolution tomography. Figure 3 represents a 
series of nine slices perpendicular to the rod axis, which are 74 µm apart from each other. The enamel given in light gray 
in the first two slices exhibits a stronger X-ray absorption than the dentin. Thus, enamel and dentin can be easily 
segmented. In these high-resolution edge-enhanced images the enamel does not exhibit a homogeneous X-ray absorption 
as in the X-ray imaging presented above and well known from conventional X-ray imaging techniques but certain 
variations in composition that includes very few tubular microstructures. 
 
Fig. 4. The series of slices shows the density distribution of the tubules, which becomes smaller and smaller towards the 
dentin-enamel junction. The distance between the slices corresponds to 74 µm each. 
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Within the dentin structure thousands of tubules are visible. The density of these tubules, however, varies and depends 
on the distance to the dentin-enamel junction. In general, the tubule density decreases towards the interface to the 
enamel, as indicated in Figures 4 and 5. 
Figure 5 shows the density distribution of the tubules, which are oriented in a parallel manner. Here, the distance 
between the slices also corresponds to 74 µm. It is also recognized in Figure 5 that although the tubules are usually 
parallel, their orientation can change to become perpendicular to the dentin-enamel junction. 
The tubules do not appear as simple cavities, which would become visible as very thin black cylinders. Almost each 
tubule contains a bright halo with a thickness of one or two micrometers. 
 
Fig. 5. The series of selected slices parallel to the tooth axis demonstrates the parallel orientation of the tubules within the 
dentin. Their density is reduced towards the dentin-enamel junction. The crack in the enamel is attributed to a 
preparation artifact. 
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3.3 Nanostructure of enamel and dentin 
The SAXS measurements prove the preferential orientation of the nanostructures present in dentin and enamel. Figure 6 
shows the cut perpendicular to the tooth axis. The nanostructures in the dentin are hardly ordered as indicated by the gray 
color. Only in the 20 nm range the nanostructures are oriented towards the growth direction. The light color, however, 
indicates that the number of scatters is rather weak. For the 20 nm range, however, one can differentiate between two 
different kinds of dentin. The inner part of the tooth contains more scatter centers, which are less ordered, whereas the 
part towards the enamel exhibit better ordered nanostructures of rather small density. 
 
Fig. 6. The representation of the SAXS measurement demonstrates that nanostructures within dentin and enamel are often 
oriented from the center of the tooth towards the periphery. The images are obtained for the different length scales: 14 
to 24 nm (top, left), 24 to 39 nm, 40 to 52 nm, 53 to 71 nm, 73 to 173 nm and 185 to 231 nm (bottom, right). The 
colored circular area denotes the orientation of the scattered intensity. 
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The enamel contains much more nanometer-sized features than the dentin in the range between 10 and 200 nm. They are 
clearly oriented in the central part, best seen within the 200 nm range. Although, there exist close similarities between 
the different nanometer scales, only the larger nanostructures show prominent features that are even crack-like traveling 
through the whole enamel structure of the tooth. The turquoise colored part on the left side of the images belongs to the 
characteristics of this particular slice. This part is significantly thinner, because a part of the enamel was broken off 
during the preparation of the slice. 
 
Fig. 7. The representation of the SAXS data parallel to the tooth axis reveals a preferential orientation of features in the 
range between 10 and 200 nm for both enamel and dentin. The orientation, however, is significantly different for both 
hard tissue components. The images are obtained for the different length scales: 14 to 24 nm (top, left), 24 to 39 nm, 40 
to 52 nm, 53 to 71 nm, 73 to 173 nm and 185 to 231 nm (bottom, right). 
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The SAXS data of Figure 7 are obtained from a slice parallel to the tooth axis with a thickness of (270 ± 10) µm. In 
comparison to Figure 6 it demonstrates that the nanostructures of the hard tissues of the tooth are mainly oriented from 
top to bottom. 
The SAXS experiments allow discriminating between enamel and dentin, since the nanostructures of the same 
frequencies are oriented in different directions. Nanostructures of the enamel that are below 24 nm do not exhibit the 
preferential orientation as observed among the larger ones. The color-coded images further uncover that the 
nanostructures within certain limits abruptly change their orientation at the dentin-enamel junction. Analyzing the 
SRµCT data of the tooth slices, it is concluded that the transparent line on the left side of the tooth resulted from the 
interface between of dentin and enamel with rather irregular nanostructures. The abrasion on the left part of the tooth 
does not affect the orientation of the adjacent nanostructures. 
4. DISCUSSION AND CONCLUSIONS 
Conventional X-ray imaging techniques allow extracting the tooth geometry and the intensity-based segmentation [15] of 
dentin and enamel. The spatial and density resolution, however, are insufficient to uncover the micro- and the 
nanostructure of teeth tissues. The quantitative determination of the composition is especially demanding [16], since the 
dentin belongs to biological tissues with related diversification and property variations. Tomography with true 
micrometer resolution permits the visualization of the dentin tubules [17, 18]. Contrary to electron microscopy the 
tomographic imaging allows visualizing the tubules in the three-dimensional space and not only at the surface. Hence, 
the density and orientation of the tubules are quantitatively accessible. The bright halo of the tubules can be attributed to 
the enhanced density around each tubule and/or to the edge enhancement as the result of the coherent X-ray beam. In the 
slices of Figure 5 some cracks within the enamel are recognized. Such cracks are probably the result of the imperfect 
preparation procedure. 
The current investigations reveal strong anisotropic morphologies of dentin and enamel on the micro- and nanometer 
scale. The orientation of the tubules follows the growth direction that corresponds to the main direction of mechanical 
loading. The SAXS data, which uncover the nano-architecture of the hard tissues, also show preferential orientation 
towards the growth directions. Interestingly, the orientations of the nanostructures within the dentin and the enamel are 
altered. Within certain regions, the nanostructures are almost perpendicular to each other at the dentin-enamel junction.  
This fundamental knowledge should be applied for the development of biologically inspired dental fillings, i.e. to realize 
man-made materials with a micro- and nano-architecture similar to enamel and dentin. If caries has significantly 
damaged the enamel and dentin of the tooth, the dentist removes the damaged part and re-builds it by means of 
conventional isotropic dental composite materials that do not resemble the anisotropic structure of human teeth. The use 
of such a material that tends to shrink is also the reason, why the dentist usually removes more enamel than really 
necessary. Overhangs, as represented in Figure 8, are generally avoided to prevent the potential cracking. Therefore, 
improved fillings are highly desirable to achieve better results by less invasive treatment modalities. 
The challenge for the realization of the biologically inspired fillings lies in the arrangement of the nanometer-sized 
building blocks. At least two different layers, namely for the dentin and for the enamel have to be foreseen in order to 
achieve the different preferential orientation of the nanostructures. 
One could imagine various approaches to imitate the hard tissues of the human teeth. For example, crystalline growth 
processes, which take place at non-equilibrium conditions with gradients in temperature or concentration, give rise to 
nanostructures with strong anisotropies [19]. Unfortunately such processes are difficult to be controlled and, hence, 
impractical for patient treatment. Furthermore, one could apply fiber composites as already successfully incorporated 
into dental posts. The appropriate orientation of the fibers, however, is demanding. Building blocks of charged or dipolar 
units such as dedicated carbon nano-tubes would result in parallel arrangements of the nanostructures. The dashed curves 
in Figure 8 represent the potential arrangements of charged nano-tubes. Because of the charge, the nano-tubes exhibit a 
repulsive interaction that leads to almost parallel equidistant alignments [20]. Such dental fillings should have superior 
resistance to thermal and mechanical shocks as known from the hardest substance in the human body – the enamel. 
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Fig. 8. The biomimetic and biologically inspired dental fillings should contain nanostructures such as charged carbon nano-
tubes that become aligned because of the repulsive interactions. Their size and orientation should be analogue to the 
undamaged dentin and enamel. 
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2.2 Optimization of the three-dimensional visualization of tooth
micro-structure
Phase and absorption contrast approaches are compared concerning spatial and
density resolution as well as rendering of the dentin micro-structure. Single distance
phase retrieval is proposed as best alternative.
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ABSTRACT
The complex hierarchical structure of human tooth hard tissues, enamel and dentin, guarantees function for
decades. On the micrometer level the dentin morphology is dominated by the tubules, micrometer-narrow
channels extending from the dentin-enamel junction to the pulp chamber. Their structure has been extensively
studied, mainly with two-dimensional approaches. Dentin tubules are formed during tooth growth and their
orientation is linked to the morphology of the nanometer-sized components, which is of interest for example for
the development of bio-inspired dental fillings. Therefore, a method has to be identified that can access the
three-dimensional organization of the tubules, e.g. density and orientation. Tomographic setups with pixel sizes
in the sub-micrometer range allow for the three-dimensional visualization of tooth dentin tubules both in phase
and absorption contrast modes. We compare high-resolution tomographic scans reconstructed with propagation-
based phase retrieval algorithms as well as reconstructions without phase retrieval concerning spatial and density
resolution as well as rendering of the dentin microstructure to determine the approach best suited for dentin tubule
imaging. Reasonable results were obtained with a single-distance phase retrieval algorithm and a propagation
distance of about 75% of the critical distance of d2/λ, where d is the size of the smallest objects identifiable in
the specimen and λ is the X-ray wavelength.
Keywords: Synchrotron radiation-based micro computed tomography, phase contrast, signal-to-noise ratio,
spatial resolution, dentin tubules, tooth microstructure, Paganin phase retrieval, segmentation
1. INTRODUCTION
The complex hierarchical structure of human tooth hard tissues, i.e. enamel and dentin, guarantees tooth function
for decades. At the macroscopic level, the interplay of hard, brittle enamel and softer and tougher dentin allows
for masticatory forces of up to 380 N [1]. On the micrometer level, the most prominent features are the dentin
tubules, micrometer-narrow channels running from the pulp chamber to the dentin-enamel junction (DEJ) in an
S -shaped fashion. Locally, they can appear wavy and tilted with respect to each other. They are surrounded by
the highly mineralized peri-tubular dentin (PTD) and embedded in the intra-tubular dentin. Dentin tubuli are
formed during tooth growth and mark the path of the odontoblasts, which ultimately determine the shape of the
tooth. Since remodeling in dentin is minimal, their orientation is linked to the organization of the nanometer-
sized components such as collagen fibers and calcium phosphate crystallites deposited during tooth formation
[2,3]. These structures are of interest for example for the development of bio-inspired, anisotropic dental fillings
with orientation dependent mechanical properties [4].
Dentin tubular structure [5–7] and its impact on the mechanical properties of dentin [8–10] have been stud-
ied with a wide variety of two-dimensional methods. These techniques often do not take into account local
inhomogeneities related to tubule orientation. Therefore, a method has to be identified that gives access to the
three-dimensional organization of the tubules. Tomographic setups with pixel sizes in the sub-micrometer range
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allow for the three-dimensional (3D) visualization of tooth dentin tubules both in phase [11, 12] and absorption
contrast modes [4, 13, 14]. Because of the small voxel size in these datasets, only small parts of a tooth, below
approximately 1 mm in diameter, can be imaged simultaneously. Thus, for a complete understanding of the 3D
organization of the tubular structure of dentin, scans of multiple thin specimens obtained from one tooth would
be necessary from the present point of view. It is therefore desirable to identify the approach which allows one
to image dentin tubules with the necessary spatial resolution as well as within reasonable scan time.
Absorption contrast is well suited for hard tissues such as bone or teeth, especially in a dry environment,
due to the relatively high contrast of calcified tissues with respect to air, and thus suited for porous systems of
these materials. Phase contrast techniques are particularly sensitive to interfaces, and therefore suitable for the
detection of voids in an otherwise more or less homogeneous matrix, as is the case of dentin tubules, especially
since exact information of dentin density is not needed.
Among X-ray phase contrast methods, grating interferometry (GI) excels due to its high density resolution
[15], but it has only moderate spatial resolution [16]. It is therefore less suitable for imaging dentin tubuli.
On the other hand, propagation-based (PB) phase contrast gives access to micrometer resolution [17]. In the
present study we therefore investigated PB imaging approaches, which are based on phase contrast generated by
the propagation of X rays in free space between specimen and detector. Phase retrieval was applied to the PB
data with a multi-distance approach, frequently termed holotomography (HT ) [18], and a single distance phase
retrieval (SDPR) approach where the phase profile of the X-ray wavefront exiting plane of the specimen can be
recovered from only a single radiograph, using an algorithm presented by Paganin et al. [19]. The algorithm
assumes that monochromatic radiation illuminates a homogeneous object, a condition that is sufficiently fulfilled
in the case of synchrotron radiation from a multilayer monochromator and dentin. In addition, the data acquired
at different specimen-detector distances was reconstructed without phase retrieval.
The experimental data were compared concerning their spatial and density resolution, and rendering of the
dentin microstructure, to determine the approach best suited for dentin tubule imaging and analysis. This knowl-
edge is a prerequisite for the development of bio-inspired dental fillings or bio-inspired crown reconstructions.
2. MATERIALS AND METHODS
2.1 Specimen preparation
A 600 × 400 µm2 thin rod was cut in the apical-cervical direction from the center of a human third molar,
extracted for clinical reasons, with a diamond band saw (Exakt Apparatebau GmbH, Norderstedt, Germany).
Enamel and a thin section of dentin below the DEJ were removed. The rod was dried in air prior to measurement.
2.2 Synchrotron radiation-based micro computed tomography
SRµCT measurements were performed at the beamline ID19 [20] at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The photon energy was set to 17.6 keV with a multilayer monochromator [20]. 1500
projections of 2048× 2048 pixels each and a pixel size of 0.33 µm were acquired at equidistant angular positions
over 180◦ while the specimen was continuously rotated. The exposure time for each projection was 1 s. Four
scans were performed at distances z between specimen and detector of 3, 6, 9 and 20 mm.
2.3 Data treatment
2.3.1 Holotomography
Phase retrieval exploits the intensity modulations of the wavefront due to phase shifts caused by the specimen
and subsequent propagation of the beam from specimen to detector. In the HT approach the phase shifts are
determined from multiple projections acquired at different specimen-detector distances z [18]. For the phase
retrieval from the four sets of data a mixed approach was chosen, which combines the contrast transfer function
and the transport-of-intensity equation [21–23]. This algorithm is valid for non-zero specimen absorption and
extended propagation distances. To reduce low-frequency artifacts, which can arise from the fact that the
transfer function for phase contrast is small in the low spatial frequency range, the low-frequency components of
the phase profile are assumed to be proportional to the logarithm of the projected intensity transmission via a
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fixed estimate of the ratio δ/β of refractive index decrement over absorption coefficient [23]. A value of δ/β = 300
was chosen, which yielded reasonable results even though it differs from the theoretical value of 130 at 17.6 keV
[24].
2.3.2 Single distance phase retrieval
The phase profile of the X-ray wavefront exiting the plane of the specimen can be recovered from only a single
radiograph under the assumption of a single material specimen and monochromatic illumination [19,25]. Phase
retrieval from single distance data was performed using the software ANKAphase [25] which is based upon an
algorithm presented by Paganin et al. [19]. ANKAphase requires δ and β, the decrement of the real part of
the refractive index and its imaginary part respectively, of the material to be known. The quality of the results
is, however, only dependent on the ratio δ/β, while the absolute values of the two coefficients only result in a
proportional scaling factor of the results. For processing, δ = 1.004 ·10−6 and β = 7.74 ·10−9 were chosen, which
are the δ and β values of hydroxy-apatite of 1.5 g·cm−3 density at 17.6 keV photon energy [24], resulting in a δ/β
ratio of 130. Single distance phase retrieval was performed for the four acquired scans from the holotomography.
2.3.3 Tomographic reconstruction
All tomographic datasets were reconstructed using a filtered backprojection algorithm implemented in Matlab R©
(2010b, The MathWorks, Natick, USA).
3. RESULTS AND DISCUSSION
3.1 Density and spatial resolution
Figure 1 on the left shows a selected cross-section from the HT dataset of a tooth rod with a diameter of 500 µm.
Despite the presence of prominent ring artifacts, the dentin can be described as rather homogeneous material,
with the characteristic texture dominated by the dentin tubules. The white square indicates the region of interest
(ROI) shown in the central panel of Figure 1. Here, the dentin tubules can be clearly identified as dark spots with
a diameter between 1 and 2 µm, partially surrounded by structures with higher ∆δ. It is unclear whether these
arise from electron density variations inside the dentin or are artifacts caused by specimen movement during the
tomographic acquisition. The plot on the right shows the histogram of the 3D dataset. The peaks corresponding
to air and dentin were individually fitted with Gaussians and are clearly separated. The shoulder on the left
side of the dentin-related peak contains the dentin tubules, which exhibit intensities close to that of dentin due
to the partial volume effect caused by the similar size of the tubules compared to the pixel size.
100 µm 20 µm
Data
Dentin
Air
0 1.10-6
F
re
q
u
e
n
c
y
 [
a
.u
.]
∆δ
Figure 1. On the left, reconstructed slice of a 500 µm-thin tooth rod. The dentin appears speckled due to the presence
of dentin tubules. In the center, magnified region according to the white square on the left. The dentin tubules can
be clearly identified as dark spots. On the right, the histogram of the volumetric dataset. Air and dentin are clearly
separated. The shoulder on the left of the dentin peak contains the dentin tubules, which exhibit intensities close to that
of dentin due to the partial volume effect caused by the small size of the tubules, close to the pixel size of 0.33 µm.
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Figure 2. Detail of the specimen according to Figure 1. On the top line from left to right, a part of a selected slice from
the data reconstructed without phase retrieval from the four measured distances (3, 6, 9 and 20 mm specimen-detector
distance) are shown. Pronounced edge enhancement can be seen, it increases with specimen-detector distance. On the
bottom line from left to right, the same region of the slice from the single distance phase retrieval data from the four
measured distances. Note the increasing blurriness of the dentin tubules with longer specimen-detector distance.
Figure 2 shows, on the top row, a ROI of the data reconstructed without phase retrieval, acquired at the
four specimen-detector distances 3, 6, 9 and 20 mm, from left to right respectively. The location of the ROI
is defined in Figure 1. The dentin tubules can be identified as dark spots in the surrounding dentin matrix.
While the dentin looks rather homogeneous in the data acquired at z = 3 mm, increasingly prominent bright
structures surrounding the tubules, caused by edge enhancement, appear with increasing z, and inhomogeneities
in the dentin increase. Zabler et al. showed that void tubules surrounded by a highly mineralized PTD give
raise to dark spots surrounded by bright structures after free-space propagation of the X-rays if the radius of
the PTD is at least 1.67 times as large as the radius of the void tubule [26]. The intensity of the bright rings
is reported to increase with increasing propagation distance, in good agreement with our results. In the case of
void tubules not surrounded by PDT they reported the presence of a bright spot at the position of the tubule
after propagation. However, this case did not occur in the data presented here.
The bottom row shows the same ROI reconstructed from single distance phase retrieval projections. The
tubules can be clearly identified in the leftmost image (3 mm specimen-detector distance) and become more and
more blurry with increasing propagation distance.
Structures corresponding to the dentin tubules can be identified in the data of all imaging approaches even
though their size and appearance vary depending on acquisition mode and z. It is therefore difficult to determine
which approach offers the most accurate representation. A more thorough inspection of the spatial and density
resolution of the datasets will allow for the choice of the most suited method.
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Figure 3. Histograms from the datasets reconstructed without phase retrieval, measured at the four specimen-detector
distances 3, 6, 9 and 20 mm. The peak corresponding to dentin largely overlaps with the air-related peak and becomes
broader with increasing specimen-detector distance while peak position remains largely unaffected.
Figures 3 and 4 show the attenuation coefficient and reconstructed density histograms (SDPR data) of the 3D
data, respectively, for the four specimen-detector distances. The peaks corresponding to air and dentin were fitted
individually with Gaussians (pro Fit 6.2.0, Quantum Soft, Uetikon am See, Switzerland). The dentin-related
peak from the data reconstructed without phase retrieval is almost an order of magnitude wider compared to the
one related to the surrounding air. The width of both peaks increases with increasing z, indicating a degradation
of density resolution. For the SDPR data, however, the width of the dentin-related peak slightly decreases
with increasing distance, from 0.22 full width at half maximum (FWHM) to 1.67 FWHM, as determined from
the Gaussian fits (cp. Fig. 4), except for the last distance, where it increases to 0.23 FWHM. Therefore one
expects an improvement in density resolution with increasing distance for this approach. The comparison of the
histograms of the three approaches suggests that the large width of the dentin peak in the data reconstructed
without phase retrieval does not originate solely from material inhomogeneities, but is rather a combination of
X-ray absorption variations in the dentin and phase effects, e.g. edge enhancement.
To quantify the density resolution of the datasets, Herzen et al. [27] proposed the contrast-to-noise ratio
(CNR) defined as
CNR =
|Sa − Sd|√
σ2
a
+ σ2
d
(1)
where Sa and Sd are the peak positions (cp. Figs. 3 and 4) of the measured quantities corresponding to
two different homogeneous materials, and σa and σd are the standard deviations in regions of equal volume
inside these materials. Unfortunately, this approach is not directly applicable to the datasets discussed here
since it requires two homogeneous media for the calculation of the standard deviations. Dentin can not be
considered homogeneous for this purpose. Peri-tubular dentin and intra-tubular dentin are known to possess
different degrees of calcification, and thus different densities. In addition, the high number of tubules present
makes the selection of a volume containing only dentin difficult. Therefore the approach chosen by Schulz et al.
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Figure 4. Single distance phase retrieval histograms from the datasets measured at the four specimen-detector distances
3, 6, 9 and 20 mm. The width of the dentin-related peak decreases from distance 1 through distance 3 while increasing
again at distance 4.
[28] was applied, where only the standard deviation σa of the medium surrounding the specimen is considered.
The single material contrast-to-noise ratio, CNRsm is therefore defined as
CNRsm =
|Sa − Sd|
σa
(2)
where Sd is the peak position of dentin, Sa the peak position of air and σa the standard deviation in a
ROI in air. The CNRsm are resumed in table 1. CNRsm steadily decreases for the data reconstructed without
phase retrieval with increasing specimen-detector distance. This is caused by the increased width of the air
related peak, and therefore σa. We assume this is related to the appearance of streak-like noise which arises
from the back projection of the enhanced edges in the specimen caused by longer propagation distances of the X
rays between specimen and detector [29, 30]. On the contrary, CNRsm increases up to 9 mm specimen-detector
distance in the SDPR data, while only the data at the maximal distance of 20 mm shows degraded density
resolution. The algorithm proposed by Paganin et al. [19] is derived on the assumption that
z  d
2
λ
(3)
where z is the specimen-detector distance, d is the size of the smallest objects identifiable in the specimen and
λ is the X-ray wavelength. For the present experiment d ≈ 1 µm and λ = 0.705 A˚. Therefore, the z should not
exceed 10 mm. However, the phase retrieval algorithm proves to be robust against deviations from the optimal
conditions [31]. Even though the CNRsm decreases drastically at 20 mm, individual tubules can still be identified
(cp. Fig. 2).
It is evident that the phase retrieval-based data outmatch the data without phase retrieval concerning density
resolution. The highest CNRsm is obtained for single distance phase retrieval data at z = 9 mm. It is almost a
factor of 10 higher than one obtained from data reconstructed without phase retrieval acquired at z = 3 mm.
Density resolution of the HT lies between the two methods discussed.
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Table 1. Single material contrast-to-noise ratio CNRsm for the investigated imaging approaches. z: specimen-detector
distance, SDPR: single-distance phase retrieval.
Imaging approach z = 3 mm z = 6 mm z = 9 mm z = 20 mm
Without phase retrieval 9.2 6.6 5.4 3.1
SDPR 48.8 66.3 72.4 21.5
Holotomography 37.4
To investigate the spatial resolution of the datasets, taking into consideration the properties of the specimen
and experimental setup, the radial spectral power distribution (RSP) of a small region of the specimen of
201×201×201 voxels was calculated and normalized by the RSP of a region of the same size containing air. The
spatial resolution was defined as the highest spatial frequency where the normalized RSP had twice the baseline
value [32,33]. Table 2 lists the spatial resolution of the datasets.
The data reconstructed without phase retrieval yields the best spatial resolution among the investigated
approaches in this study, ranging from 1.13 µm, which correspond to 3.4 pixels, at the shortest z to 1.36 µm,
corresponding to 4.1 pixels, at z = 20 mm. Spatial resolution of the SDPR data is found to be slightly degraded
compared to the data reconstructed without phase retrieval. The difference between the two methods is however
not as drastic as in the case of the CNRsm. The origin of the improved spatial resolution in the SDPR data
for z = 20 mm is unclear. As should be expected, the spatial resolution in both approaches does not reach the
theoretically optimal resolution limit imposed by the width of the first Fresnel zone of a point-like object in the
specimen, given by
√
λ · z, indicating that there are no spurious multiple fringes around object features, which
would generate higher frequency contributions to the RSP . The resolution limit for the four specimen-detector
distances z is also resumed in Table 2.
Table 2. Spatial resolution determined from the radial spectral power distribution for the investigated imaging approaches.
Resolution is given in µm. z: specimen-detector distance, SDPR: single-distance phase retrieval.Resolution limit indicates
the expected spatial resolution limit given by the width of the first Fresnel zone.
Imaging approach z = 3 mm z = 6 mm z = 9 mm z = 20 mm
Without phase retrieval 1.13 1.15 1.17 1.36
SDPR 1.67 1.88 2.13 1.86
Resolution limit 0.46 0.65 0.80 1.19
Holotomography 1.39
The values for spatial resolution obtained by the RSP analysis (Table 2) are slightly better for the images
obtained without phase retrieval than for the SDPR images. This is consistent with what should be expected
because the SDPR phase reconstruction effectively acts as a low-pass filter on the spatial frequency spectrum of
the data [19]. For the SDPR data and the data obtained without phase reconstruction, the difference between
the resolution values obtained by RSP analysis and the width of the first Fresnel zone decreases as the distance z
increases. This is consistent with the expectations because at shorter distances z, the resolution should primarily
be limited by experimental limitations as signal-to-noise ratio or detector resolution, whereas, at longer z, the
Fresnel zone width should become the predominant resolution limit.
3.2 Tubule segmentation
Dentin tubules were segmented from the tomograms with a simple threshold approach and alternatively by
filtering the individual slices with a second derivative kernel h:
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h =


1 1 1
1 −8 1
1 1 1

 (4)
This filter was chosen since the the pixel size lies close to the characteristic size of the tubules which run per-
pendicular to the tomographic slices. After filtering, the slices were binarized to identify the pixels corresponding
to tubules.
Since thresholding is related to image contrast, the first method was applied to the datasets of each imaging
approach exhibiting the highest CNRsm, while the second method, related to the presence of sharp edges, was
applied to the datasets possessing highest spatial resolution. Figure 5 shows, on the top row, ROIs from the
data reconstructed without phase retrieval, the SDPR data and the HT data, from left to right. The pixels
corresponding to the segmented tubules are shown in red. For the data reconstructed without phase retrieval,
the segmentation threshold was chosen as the absorption value where the Gaussians related to air and dentin
intersect. For the propagation-based methods, the threshold was defined as the value where the Gaussian fitted
to the dentin-related peak reaches 10% of its maximum value. The bottom row of Figure 5 shows, analogously,
the tomographic datasets and, superimposed in red, the tubules segmented with the filter approach.
20 µm
Figure 5. In the top row, from left to right, ROIs from the data reconstructed with no phase retrieval (z = 3 mm), with
SDPR (z = 9 mm) and HT . Segmented dentin tubules (in red) were superimposed to the tomograms. In the top row, a
thresholding approach was chosen for segmentation. In the bottom row, ROIs from the data reconstructed with no phase
retrieval (z = 3 mm), with SDPR (z = 3 mm) and HT are shown, analogously. Segmentation was performed with a
second derivative filtering and subsequent thresholding.
Segmentability through thresholding is in reasonable agreement with the CNRsm values, i.e. better contrast
leads to better segmentability. Thresholding of the data reconstructed without phase retrieval leads to the
inclusion of structures within the dentin due to the high inhomogeneity in the material, in agreement with the
fact that the air- and dentin-related curves in Fig. 3 overlap. SDPR data after thresholding show satisfying
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results concerning tubule position, however the mean tubule diameter is above those determined with the other
approaches. We assume that through this segmentation procedure their size is overestimated. The spatial
resolution of the shown dataset amounts to 1.7 µm, which is near the mean diameter of the tubules. The tubule
edges do therefore not appear sharp and are smeared over the complete area of the tubules and surrounding
dentin. Thus, the tubules exhibit a contrast value closer to dentin rather than air. The threshold was chosen to
be high enough that the majority of tubules were segmented. The consequence is that an increased number of
voxels is considered part of the tubules. A more conservative threshold would lead to a more precise estimation
of tubule sizes, but on the other hand also be less sensitive to the smaller voids. Such an approach can be
seen in the threshold-segmented HT -data (top-right in Fig. 5), where size and position of the larger tubules is
segmented correctly, while smaller tubules remain undetected.
Segmentation based on the second derivative of the data yields overall better results than the threshold-based
approach (bottom row of Fig. 5). The sharp edges in the tomogram of the data reconstructed without phase
retrieval, related to the high spatial resolution, lead to an underestimation of the tubule size with the applied
filter, and large tubules are not detected at all. A larger filter kernel could lead to an improvement of the
segmentation. The blurriness of the SDPR data is, in this case, of advantage, since the tubule edges do not
appear sharp. Therefore, larger structures are also segmented. This is also the case for the HT data, where
position and size of all tubules can be extracted.
4. CONCLUSIONS
High-resolution SRµCT is a suitable tool for the 3D imaging of human teeth, allowing for the rendering of the
dentin tubules, which dominate the tooth microstructure. The propagation-based phase retrieval approaches
offer increased density resolution compared to the data where no phase retrieval was performed, while still
retaining sufficient spatial resolution for tubule identification. This has the advantage of a better representation
of modulations in dentin density. Therefore, these approaches will often be preferred over reconstructions with no
phase retrieval, since the complexity of the setup and data processing only slightly exceed those of measurements
without phase retrieval. Since single distance phase retrieval and holotomography achieve comparable results,
the manifold acquisition time in holotomography, caused by the necessity for multiple scans at different detector
distances, makes SDPR the better alternative. The best results in this study are achieved with a propagation
distance of about 75% of the critical distance of d2/λ.
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2.3 Collagen content in carious dentin
The bacterial processes dissolve the ceramic components in enamel and dentin, but
a significant part of the dentinal collagen network remains unaffected with respect
to its abundance and orientation in early stages of caries and in parts of extended
carious lesions.
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Abstract
Spatially resolved small-angle x-ray scattering based on synchrotron radiation combines the quantitative assessment of nanometer-sized
components using scattering with the real-space imaging by means of scanning. The method enables us to study the effect of caries-induced
damages on the inorganic and organic nanoscopic components in human teeth.We demonstrate for several 200- to 500-μm-thin tooth slices that
the bacterial processes dissolve the ceramic components in enamel and dentin, but the dentinal collagen network remains practically unaffected
with respect to its abundance and orientation in early stages of caries and in parts of extended carious lesions. Consequently, we speculate that
future caries treatments can be developed reversing the effect of bacterial attacks by means of suitable remineralization of the dentin.
From the Clinical Editor: In this groundbreaking study of caries pathology using synchrotron-based X-ray scattering, the authors
demonstrated that while bacterial processes do dissolve the ceramic components in enamel and dentin; however, the dentinal collagen
network remains unaffected, enabling the development of future caries treatments that re-mineralize the dentin.
© 2011 Elsevier Inc. All rights reserved.
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The hierarchical structure of the hard tissues of human teeth
guarantees function for decades. Caries, the most frequent
disease, is known to damage the enamel, the dentin, and the
cementum through the production of acidic species that dissolve
the ceramic tooth components as also observed in the dental
erosion that habitually accompanies excessive citrus fruit
consumption.1 Unfortunately, the destroyed tooth structures do
not fully regenerate, although remineralization of small carious
lesions occurs under optimized dental hygiene.2
The treatment of carious lesions is nowadays accompanied
by the removal of affected hard tissues. The progression of
caries is enhanced in the dentin in comparison with the
progression in the enamel. The faster spread through the dentin
is generally visible in sections or projections as triangles with
their basis along the enamel-dentin junction.3 Therefore, dentists
are regularly forced to amputate not only the massively damaged
enamel, but also a significant amount of healthy enamel to
guarantee the complete substitution of carious dentin by the
restoration material. As the current restoration materials do not
fully fit the performance of the natural healthy hard tissues, the
resulting limited lifespan renders further interventions
necessary.4,5 The dentin not only consists of ceramic compo-
nents, but also of about 20 wt% organic material.6 It has been
hypothesized that the organic components, in particular the
collagen, may remain unaffected. This hypothesis is based on
electron microscopy inside carious lesions, which proves the
strong similarity between collagen in selected healthy and
caries-affected regions.7 Furthermore, it has been speculated that
the remaining collagen network can provide nucleation sites for
remineralization.8,9 To prove the hypothesis an imaging method
has to be identified that allows comparing the collagen
abundance in healthy and caries-affected parts of a tooth.
Spatially resolved small-angle x-ray scattering (SAXS) is a
technique that enables the identification of collagen using its
67-nm periodicity10 over extended areas with resolution in the
micrometer range, i.e., about 40,000 scattering patterns per
square centimeter.11 Because the patterns are average values of
the illuminated volume along the x-ray beam, the contributions
from the surfaces are negligible and the potential influence of
artifacts from cutting several 100-μm-thick slices is small.
Consequently, scanning SAXS is well suited for the structural
characterization of tooth slices over the entire nanometer range.
Methods
Eight teeth, five carious and three healthy, were extracted
for clinical reasons and cut into 200- to 500-μm-thin slices
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parallel to the tooth's long axis with a diamond band saw
(Exakt Apparatebau GmbH, Norderstedt, Germany). The
slices of the teeth were stored in phosphate-buffered saline
(PBS). Only one slice from the healthy teeth was stored
in air.
Synchrotron radiation-based micro computed tomography
(SRμCT) measurements were performed at the beamline W 2
(HASYLAB at DESY, Hamburg, Germany) operated by the
HZG-Research Center, Geesthacht, Germany, in standard
absorption contrast mode12 in two sessions. One carious
specimen was measured using a photon energy of 45 keV. The
1440 projections acquired with asymmetric rotation axis
equally distributed along 360 degrees with a pixel size of
4.6 μm were combined13 and binned by a factor of 2 to
improve the density resolution.14 The spatial resolution of 8.8
μm was determined from the 10% value of the modulation
transfer function of a strongly x-ray absorbing edge.15 The
remaining three carious specimens were also measured using a
photon energy of 45 keV, but with 1800 projections over 360
degrees and a pixel size of 3.14 μm, and a spatial resolution of
8.4 μm. Prior to reconstruction, the data were binned by a
factor of 4.
Scanning SAXS measurements were performed at the
cSAXS beamline of the Swiss Light Source (PSI, Villigen,
Switzerland).11 The 18.58 keV photon beam was focused to 8 ×
25 μm2 at the position of the specimen for the raster scans. The
specimens were scanned through the beam in 50 μm steps in x-
and y-directions, perpendicular to the beam. Two modules of the
PILATUS 2M detector16 positioned at 7.1 m from the specimen
were used to record the scattering patterns. One carious and two
healthy specimens were scanned with 20 msec exposure time
per frame. The remaining specimens were measured with an
exposure time of 180 msec with 24 modules of the PILATUS
detector in use. Specimen-to-detector distance was determined
with the first scattering order of a silver behenate calibration
specimen. Prior to scattering pattern acquisition, the attenuated
through-beam was recorded with the same step-size, 8 msec
exposure time per point without beam stop and with attenuated
beam. To reduce air scattering, an evacuated flight tube was
placed between specimen and detection unit.
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Figure 1. A typical SAXS pattern of healthy dentin with collagen ring is given on the top row. On the bottom panels, the radial-integrated intensity is shown.
The collagen-associated peak can be extracted subtracting the background indicated by a solid line in the bottom right panel.
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Results
The organic ingredients of dentin contain mainly collagen-I
fibrils. The building blocks of collagen arrange themselves
along the collagen fibril with a main periodicity of 67 nm, as
determined, for example, by means of atomic force microscopy
and SAXS.17,18
Figure 1 shows, in the top row, a typical scattering pattern
from healthy dentin and the corresponding radial-integrated
intensity (q-plot). A distinct peak, associated with collagen-I, is
found at the q-values between 0.091 and 0.111 nm-1,
corresponding to a real space periodicity of 69.2 to 56.5 nm.
The base intensity below the peak can be approximated with a
power-law with an exponent of -2.6 (see Figure 1 diagram
bottom right). The intensity above the fitted curve is solely
associated with the scattering signal from the collagen.
Perfectly disc-shaped structures yield a scattering intensity,
which decays according to a power-law with an exponent of
-2.19 It is known that dentin contains mainly plate-like
crystallites, especially near the dentin–enamel junction
(DEJ).10,20,21 Considering the deviation of dentin crystallite
shapes from perfect discs and the presence of the organic phase,
the exponent of -2.6 chosen for the collagen extraction is a
reasonable estimate.
Carious infections are known to reduce the degree of
calcification in tooth hard tissue. To visualize this phenomenon
in quantitative fashion, two x-ray absorption measurements
have been performed. Figure 2 (top) shows the logarithm of the
x-ray transmission, corrected for specimen thickness, measured
in line with the SAXS scan, which illustrates the expected
differences between dentin and enamel. The carious lesion can
be clearly identified as dark region in the center of the dentin.
It is clearer in tomography data as the result of improved
contrast. Therefore, a slice of the tomography data is
represented in the center of Figure 2. The carious lesion
appears as darker region in the center of the dentin and in the
enamel due to the reduced degree of calcification. The effect is
prominent and clearly detectable in the related x-ray absorption
histogram given in Figure 2 below the images. Here, the
carious dentin appears as shoulder and tail on the left side of
the healthy dentin peak.
The images in Figure 3 (left and middle columns, top
images) show the elastic scattering towards angles, which
correspond to nanostructures between 56.5 and 69.2 nm for
the total and the collagen-related signal, respectively. Dentin
and enamel exhibit different scattering potentials and are
therefore distinguishable. We found it surprising that the
caries-affected regions appear brighter in enamel and dentin;
i.e., they yield a stronger signal in comparison with that of
the healthy tissues. This behavior can be attributed to a
change in mean crystallite size of caries-affected hard
tissues,21 or to an increased porosity in the affected dentin.
The collagen-related scattering signal (bottom images),
extracted from the SAXS patterns of the same tooth slice,
does not allow any discrimination between healthy and caries-
affected parts in the tooth, where the degree of demineral-
ization amounts to 10%. The intensity for the enamel is close
to zero because of the negligible amount of organic species in
enamel.6 The dentin, however, contains anisotropic, hetero-
geneously distributed nanostructures as visible in both images.
The scattering intensity near the dentin-enamel junction is
more than a factor of two higher in comparison with the
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Figure 2. On top, the transmission data from the SAXS measurements of one
carious specimen are presented (sam05). In the middle, a slice through the
tomography data of the same specimen is shown. The carious regions are
identifiable as darker regions in both enamel and dentin. The length of the bar
corresponds to 2 mm. The x-ray absorption histogram of the entire
tomography data is given below. The missing enamel is the result of a
preparation artifact.
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regions near pulp. This phenomenon is better illustrated in
Figure 4, which includes line plots through the collagen-
related signal (solid line) and the absorption (dashed line)
through healthy and caries-affected regions. The collagen
signal of the carious region does not differ from the one of
the healthy region, if the x-ray absorption is within 70% of
that of healthy tissue; i.e., the onset of collagen deterioration
seems to be significantly delayed with respect to the
decomposition of the mineral phase.
The analysis of the SAXS patterns does not only allow
analyzing the scattering potential but also assessing the
preferential orientations of nanostructures. The average
direction of a scattering signal in a selected range of
nanostructures (q-range) was determined approximating the
azimuthal intensity distribution by a cosine.11 The preferential
orientation of the scattering signal caused by the tooth's
nanostructures between 56.5 and 69.2 nm determined from
such a fitting procedure is given in Figure 3, right column –
total signal on top and collagen-related signal on bottom. The
collagen-related scattering signal is oriented along collagen
fibrils, whereas the scattering signal related to ceramic
components is typically oriented perpendicular to structures
like rods and platelets. This allows deducing the orientation of
nanostructures in the tooth from the orientation of the
scattering signal as shown in Figure 3. The orientation of
nanostructures changes at the dentin-enamel junction, being
more or less perpendicular in the enamel and dentin at this
position. In dentin one can clearly distinguish between an inner
region around the pulp with vertically oriented hydroxyapatite
crystallites and collagen fibers and an outer region with mainly
horizontally oriented nanostructures. The carious lesion is only
distinguishable in the topmost layer of the caries in the
collagen orientation signal, but it is not seen in the total signal;
i.e., the caries did not affect the average orientation of
nanostructures. Figure 5, first and second columns, combines
the information on abundance and orientation of the selected
nanostructures for the total (first column) and the collagen-
related (second column) scattering signals in four selected
slices of three healthy teeth. The scattered intensity is coded as
brightness. The color represents the preferred orientation
according to the color wheel. For example, cyan marks mainly
vertical scattering, red marks horizontal scattering, etc. The
color saturation displays the degree of orientation, which is
defined as the ratio between oriented and total mean scattered
intensities.11,22 Enamel and dentin are clearly distinguished
because of their different scattering potential and nanostructure
texture. Similarities between different teeth and different
positions inside one tooth concerning the organization of
collagen and inorganic components can be seen (top and
bottom row of Figure 5 respectively). Overall perpendicular
-90-60-300306090
Orientation of scatter-
ing signal [deg]
Intensity [a.u.]
Figure 3. The first two columns of images display the elastic scattering towards angles, which correspond to nanostructures between 56.5 and 69.2 nm, for all
features (top) and the collagen-related signal (bottom), respectively (sam13 and sam05). The scattered intensity is represented in average counts per pixel,
corrected for specimen absorption and thickness. The caries-affected region in the dentin can be clearly identified from the integral signal, while only parts of it
can be seen in the collagen-related part. The images in the right column show the preferential orientation of the nanostructures between 56.5 and 69.2 nm in
sam05. The gray value labels the angle between the horizontal direction (black) and the preferential orientation of the scattering intensity. The length bar
corresponds to 2 mm.
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resp. parallel orientation of the scattering signal with respect to
the dentin-enamel junction (DEJ) in dentin resp. enamel is
found in all specimens. Sharp changes in nanostructure
orientation, especially in the enamel and the collagen, are
present on imaginary lines connecting the tooth cusps to the
pulp. Figure 5, third and fourth columns, shows these data
from four slices through the carious molars. The carious
regions in both dentin and enamel can be identified easily as
they present stronger overall intensity in comparison with the
healthy part. The overall orientation of the scattered collagen
intensity is mainly perpendicular to that of the total scattering
in the dentin, revealing the parallel alignment of the collagen
fibrils with the inorganic crystallites, whereas no significant
collagen intensity is found in the enamel. In the collagen-
related signal, the carious region can be identified in the first,
second, and third slice shown. However, it appears less
extended than in the total scattering signal. The overall pattern
in the deeper caries resembles that of healthy dentin. This
implies that the caries bacteria attacks do not change the
abundance and orientation of the collagen network until a
certain degree of demineralization is reached.
To relate the degree of decalcification with the strength
of the collagen signal, the dentin of each specimen was
divided in three regions, namely sound dentin (SD), mildly
carious dentin (MCD), corresponding to the tissue presenting
between 90% and 70% of the x-ray absorption of healthy
dentin in each specimen, and carious dentin (CD), corre-
sponding to tissue presenting less than 70% of the x-ray
absorption of the healthy part. The classification was
performed through histogram analysis of the transmission
data. To account for the different slice thicknesses and
absorption potentials, the data were corrected by dividing the
scattering signal by the slice thickness, obtained from the
SRμCT measurements, and the x-ray transmission obtained in
line with the SAXS measurements.
Even though the x-ray absorption is heterogeneous in
healthy dentin, this classification is an appropriate choice for
intensity-based segmentation, as illustrated in Figure 6. The
mean collagen signal and x-ray absorption for each region and
specimen are shown in Table 1; the errors correspond to the
standard deviation.
Discussion
The scanning SAXS images of human teeth show
similarities to polarization microscopy pictures obtained from
tooth slices many decades ago.23 The preparation of the tooth
slices for polarization microscopy, however, is much more
laborious. The slices have to be thin enough for the optical
transmission and their surfaces have to be well prepared to
avoid artifacts. Because the photon energy can be adapted to
the slice thickness in scanning SAXS, much thicker tooth slices
can be investigated, reducing the potential influence of
inadequate surface preparation. Another advantage of SAXS
with respect to polarization microscopy is the precise
quantification of abundance and orientation of nanostructures
including collagen fibrils. The lateral resolution of scanning
SAXS, however, is much worse than in polarization micros-
copy. Consequently the two methods can be regarded as
complementary rather than competing.
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Figure 4. Intensity of the collagen-related signal across one carious tooth
slice (sam05): The line plots according to the dashed lines in the image
quantitatively show the changes in collagen scattering signal intensity
(solid line) and specimen absorption (dotted line). The higher concentra-
tion of collagen fibrils near the dentin-enamel junction produces the
prominent feature.
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Caries bacteria destroy the tooth and degenerate the dentin.
During the very early stages of caries, however, the nanometer-
sized components are only slightly altered in size and
orientation.24 As opposed to local probe techniques, scattering
measurements in scanning setup allow obtaining information on
macroscopic specimen areas. In the range between 56.5 and 69.2
nm, the enamel exhibits a strong and anisotropic scattering signal
caused by the ceramic components aligned roughly perpendic-
ular to the dentin-enamel junction and almost perpendicular to
the ceramic components within the dentin. Collagen does not
exist in the enamel but exhibits within dentin a scattering signal
perpendicular to the dominating calcium phosphate scatterers.
The collagen is much better oriented than the inorganic stronger
scatterers in the dentin. The nanostructures of the mineral phases
of the enamel, however, are as well oriented as the collagen in the
dentin. These observations are well in line with the well-
established electron and polarization microscopy studies.21,23
In carious lesions, the mineral content is significantly
reduced, as shown in countless radiographs. Because of the
relative high cross-section of the minerals, one would expect a
correspondingly lower scattering signal within the lesion in
comparison with the surrounding healthy dentin. For the range
between 56.5 and 69.2 nm, however, we detected a significantly
higher scattering probability. The increase of the mean
crystallite size in caries-affected dentin21 can explain this
phenomenon. Another explanation could be an increased
porosity in dentinal tissue, similar to that found in enamel.25
Independent of these explanations, however, we can state that
this phenomenon allows identifying the carious lesion in the
SAXS data, especially because the spatially resolved signals
mark a clear border between carious and healthy dentin as
verified by the SRμCT data.
The collagen-related signals allow only partially differen-
tiating between carious and healthy dentin in the affected
Figure 5. The color-coded images display four slices from three healthy (two left columns) and four carious (sam02, sam05, sam11, and sam13, two right
columns) teeth. In the first and third columns, the total scattering signal corresponding to the range between 56.5 and 69.2 nm is given, whereas the
second and fourth columns show just the collagen-related signal. The preferential orientations of the nanostructures of interest are color-coded according
to the color wheel. The color intensity codes the scattered intensity, whereas the color saturation represents the degree of orientation. The length bar
corresponds to 2 mm.
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specimen. The presence of zones presenting different
properties in carious dentin is well known and has, for
example, been demonstrated by staining methods.7,26 More
recently, Pugach et al27 reported a characterization of
staining-based zones with the assumption that staining relates
to distinct microstructure characteristics. They distinguished
between apparently normal dentin, nonstainable affected
dentin, partially de-mineralized dentin (light pink staining),
having a mineral content of 60% ± 14% in comparison with
healthy dentin, and a more demineralized zone (pink staining)
exhibiting a mineral content of 29% ± 8% in comparison with
healthy dentin. However, characterization through staining
alone may not allow differentiating remineralizable, deminer-
alized dentin from that which can be removed only in a
conventional dental treatment. The upper and lower threshold
for the region termed MCD in this study were chosen based
on the absorption histogram of the x-ray transmission
measured in line with SAXS, with the upper threshold
corresponding to 90% of the peak position of healthy dentin
lying outside this peak.
Considering the projective nature of the technique, where the
demineralization front may not lie parallel to the beam direction,
and thus dentin with different degrees of demineralization may
overlap, the lower bound is a conservative estimate of what can
still be considered mildly demineralized tissue.
The fact that half of the inspected specimens present a
collagen signal in the MCD zone within 90% of the signal of
sound dentin indicates that a significant amount of collagen is
retained under mild demineralization, in these specimens. Five of
the six remaining specimens present values between 65% and
80%, suggesting that mild to considerable damage to the
collagen network has happened.
It is noteworthy that differences in the degree of preservation
of the collagen occur between specimens obtained from the
same tooth. Thus, not only the total degree of decalcification,
but also the location within the carious lesion, seems to play a
role concerning the damage to the collagen network. In addition,
the projective nature of two-dimensional scanning SAXS may
lead to overlapping MCD and CD zones, so that a mixed signal
is obtained.
Caries bacteria destroy the tooth and degenerate the dentin,
but at least during the initial stages or only mild demineraliza-
tion, a significant part of the collagen network is conserved in
abundance and orientation. We hypothesize that dentin with
mainly healthy collagen may be suitable for remineralization.
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correspond to MCD and CD. The green crosses correspond to mean values
and standard deviation of each point cloud.
Table 1
Mean collagen signal intensities and x-ray absorption values of healthy and carious human teeth including their standard deviations
Specimen Sound dentin (SD) Mildly carious dentin (MCD) MCD/
SD [%]
Carious dentin (CD) CD/
SD [%]
Collagen
signal [a.u.]
Absorption
[cm-1]
Collagen
signal [a.u.]
Absorption
[cm-1]
Collagen
signal [a.u.]
Absorption
[cm-1]
28_72 sam02 0.83 ± 0.22 10.2 ± 0.4 0.41 ± 0.10 8.2 ± 0.6 49 0.28 ± 0.07 6.1 ± 0.8 34
28_72 sam03 0.60 ± 0.16 6.1 ± 0.2 0.39 ± 0.15 5.0 ± 0.4 65 0.25 ± 0.12 2.5 ± 1.4 42
48_63 sam04 0.55 ± 0.14 11.0 ± 0.4 0.54 ± 0.07 9.1 ± 0.7 98 0.27 ± 0.13 5.1 ± 1.5 49
48_63 sam05 0.56 ± 0.17 10.9 ± 0.4 0.51 ± 0.07 9.0 ± 0.7 91 0.23 ± 0.13 5.3 ± 1.3 41
48_63 sam06 0.55 ± 0.17 10.9 ± 0.4 0.53 ± 0.11 9.1 ± 0.7 96 0.18 ± 0.12 5.3 ± 1.4 33
18_66 sam07 0.65 ± 0.22 9.7 ± 0.7 0.62 ± 0.23 8.0 ± 0.5 95 0.11 ± 0.12 4.0 ± 1.6 17
18_66 sam08 0.66 ± 0.15 11.2 ± 0.4 0.44 ± 0.16 9.2 ± 0.7 67 0.10 ± 0.11 6.0 ± 1.5 15
48_66 sam09 0.60 ± 0.16 11.0 ± 0.5 0.44 ± 0.16 9.0 ± 0.7 73 0.16 ± 0.11 5.9 ± 1.8 27
48_66 sam10 0.62 ± 0.16 10.9 ± 0.4 0.46 ± 0.17 9.7 ± 0.7 74 0.14 ± 0.10 6.0 ± 1.3 23
48_66 sam11 0.63 ± 0.16 11.4 ± 0.4 0.57 ± 0.14 9.5 ± 0.6 90 0.25 ± 0.13 6.1 ± 1.8 40
48_66 sam12 0.57 ± 0.19 9.7 ± 0.6 0.52 ± 0.18 8.1 ± 0.5 91 0.47 ± 0.14 6.2 ± 0.4 82
SB3 sam13 0.21 ± 0.04 9.0 ± 0.9 0.17 ± 0.04 7.4 ± 0.5 80 0.07 ± 0.01 5.7 ± 0.1 33
The ratios relate to the collagen signal intensities. a.u., arbitrary units.
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2.4 Morphology of carious enamel
The moderate enamel caries exhibits a complex structure of alternating layers ex-
hibiting varying scattering potential an degree of mineralization. Nonetheless, the
orientation of the crystallite is preserved throughout the lesions.
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a b s t r a c t
Carious lesions exhibit a complex structural organization composed of zones of higher and lower miner-
alization, formed by successive periods of cyclic de- and re-mineralization. A thorough understanding of
the lesion morphology is necessary for the development of suitable treatments aiming to repair rather
than replace the damaged tissue. This detailed understanding includes the entire lesion down to individ-
ual crystallites and nanopores within the natural organization of the crown. A moderate lesion, with sur-
face loss and reaching dentin, and a very early lesion were studied. Scanning small-angle X-ray scattering
(SAXS) with a pixel size of 20  20 lm2 was used to characterize these lesions, allowing for the identifi-
cation of distinct zones with varied absorption and scattering behavior, indicative of varied porosity and
pore morphology. Despite these differences, the overall orientation and anisotropy of the SAXS signal was
unaltered throughout both lesions, indicating that an anisotropic scaffold is still present in the lesion. The
finding that crystallite orientation is preserved throughout the lesions facilitates the identification of pre-
ventive re-mineralizing strategies with the potential to recreate the original nanostructure.
 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction
Caries is the most prevalent of all chronic childhood diseases
and the leading cause of tooth loss among young adults in many
societies [1–3]. Caries causes considerable suffering, loss of func-
tion and the need for costly restorative, endodontic and prosthetic
interventions. However, behavioral, dietary, preventive and inter-
ventional actions can re-mineralize early lesions [4–6]. Improved
knowledge of the carious process, de- and re-mineralization, at
the component or nano-structural level could facilitate improved
preventive and therapeutic approaches for early lesions and allow
moderate lesions to be addressed.
Caries is a chronic hard tissue infection [7]. Smooth surface car-
ies has been studied extensively, not just because of its epidemio-
logical importance, but also because a relatively simple geometry
facilitates studies and experimental modeling. Lesions have been
studied in many ways, including macroscopic examination, hard
tissue histology, light microscopy, scanning and transmitted elec-
tron microscopy, microradiography, micro and nano indentation,
histochemical, microbiological and chemical analyses, and X-ray
imaging techniques [8–19]. These methods have provided a wealth
of information and allowed various zones to be identified. Electron
microscopy has been used to observe microstructural changes such
as clefts or channels in incipient lesions and to identify de- and
re-mineralization-induced changes to individual crystallites, but
generally only after they have been removed from their original
spatial organizational positions and associations with their neigh-
bors. Detailed understanding, or mapping, of the entire lesion at
the level of individual crystallites and porosities remains elusive.
Differences in optical birefringence caused by the submicro-
scopic pores produced during de-mineralization have been used
to divide the smooth surface lesion into four zones [15,20,21]: first,
an outer surface layer of intact relatively unaffected enamel, dis-
playing negative birefringence to polarized light, radio-opacity,
with some focal holes and 10% mineral loss; second, the body
of the lesion, with positive birefringence to polarized light, radiolu-
cency and substantial mineral loss of 24%; third, the dark zone,
with positive birefringence to polarized light, radio-opacity and
6% of mineral loss; finally, the translucent zone with negative
birefringence to polarized light, radio-opacity and only 1% min-
eral loss. However, this classification does not describe changes
in crystallite structure or organization. Furthermore, smaller and
deeper pores are not discerned by birefringence [22].
Small-angle X-ray scattering (SAXS) is capable of delivering
structural information about macromolecules or crystallites and
of repeat distances in partially ordered systems as small as a few
nanometers in size and up to several hundred nanometers [23–
33]. This range is well suited to studying hydroxyapatite crystallite
and collagen periodicities, the primary components of tooth struc-
ture. The combination of SAXS with real-space scanning [34] al-
lows for the investigation of a tooth’s nano-structural
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components over extended areas through the acquisition of thou-
sands scattering patterns [23,29–31,35,36]. Two-dimensional (2-
D) maps with raster-scan step sizes as small as 0.1  0.1 mm2 have
been made [31]. Because an early carious lesion may be only 0.1–
0.2 mm in total thickness, and because features within a moderate
lesion may be <0.1 mm thick, increased point density is needed to
study the four zones generally used to describe smooth surface car-
ies. Scanning SAXS with raster-scan step sizes of 20  20 lm2 is
applied. This high point density allows the identification and com-
parison of morphological differences within and among carious
zones with respect to structural organization: orientation and de-
gree of anisotropy of the nanometer-size components.
2. Materials and methods
2.1. Carious specimens
Two representative naturally occurring smooth surface carious
lesions, moderate and early, obtained from two third molars ex-
tracted for clinical reasons, were studied. All procedures were con-
ducted in accordance with the Declaration of Helsinki and
according to the ethical guidelines of the Canton of Basel, Switzer-
land. Teeth were extracted for clinical reasons unrelated to the
study. Written consent by the patients concerning use of the ex-
tracted teeth is given in the patient entry form of the dental school.
The consent is not study specific. Teeth are anonymized. Backtrack-
ing of patient identity is impossible and not desired. The moderate
lesion (specimen H) had slight surface loss and appeared to barely
reach beyond the dentino-enamel junction (DEJ). The early lesion
(specimen V) was smaller and incipient, without surface break-
down, and limited to the outer third of the enamel. The tooth slices
were cut using a diamond band saw (Exakt Apparatebau GmbH,
Norderstedt, Germany). A 200 lm thin slice was cut in a transverse
direction through the moderate lesion, while a 200 lm thin slice
was obtained through the early lesion in the buccal-lingual direc-
tion (see Fig. 1). The slices were stored in phosphate buffered saline
before and during measurements.
2.2. Conventional micro computed tomography
Micro computed tomography (lCT) data sets of the entire teeth
were acquired with a Skyscan 1174™ tabletop scanner (Bruker,
Belgium), and 900 projections with a pixel size of 35.6 lmwere ac-
quired over 360. The acceleration voltage was set to 50 kV and the
beam current to 800 lA. The data were reconstructed using a mod-
ified Feldkamp algorithm (NRecon, Bruker, Belgium).
2.3. Synchrotron radiation-based lCT
Synchrotron radiation-based lCT (SRlCT) measurements were
performed at the W2 beamline at HASYLAB (DESY, Hamburg, Ger-
many) operated by the HZG research center [37]. For specimen V,
the photon energy was set to 45 keV, and 1440 equiangular projec-
tionswith apixel size of 4.6 lmwereacquiredover 360. The rotation
axis was chosen asymmetrical to the incoming X-ray beam to allow
for a larger field of view [38]. The datawere reconstructed using a fil-
tered backprojection algorithm. Specimen Hwasmeasured at a pho-
tonenergyof 30 keV. Thepixel sizeof theprojections corresponded to
3.2 lm, and 900 projections were acquired over 180.
2.4. SAXS data acquisition
Scanning SAXS measurements were performed at the cSAXS
beamline [39] of the Swiss Light Source (Paul Scherrer Institute,
Villigen, Switzerland). The specimens were stored in polyimide sa-
chets and placed on an aluminum holder. Scattering patterns were
acquired in a raster scan fashion in the x- and y-directions perpen-
dicular to the beam. For specimen V, the points at which SAXS data
was acquired were 50 lm apart in both x- and y-directions, while
for specimen H, a raster scan step size of 20 lm was chosen. The
photon energy was set to 18.6 keV. The scanning in the horizontal,
i.e., x-, direction was performed with the detector recording a ser-
ies of SAXS data, while the specimens moved at a velocity of 1.786
and 0.714 mm s1, respectively. The X-ray beam was focused to 25
lm  8 lm full width at half-maximum (FWHM) spot size at the
specimen position. In the first scan, the X-ray transmission of the
specimens at each scanning position was recorded with no beam
stop and an attenuated beam with 8 ms exposure time. In the sec-
ond scan, the scattering patterns were recorded with two modules
of the PILATUS 2 M detector [40] with 20 ms exposure time and
8 ms readout time. For specimen V, 32,000 frames were acquired,
and for specimen H, 82,000 frames. The direct beam was covered
with a beam stop 3 mm in diameter. The transmission data were
used to correct the SAXS signal for specimen absorption. The spec-
imen–detector distance of 7140 mm was determined with the
first-order diffraction ring of a silver-behenate powder. To mini-
mize air scattering, an evacuated flight tube was placed between
specimen and detector.
2.5. SAXS data treatment
Each scattering pattern is divided into 16 azimuthal sectors, and
the intensity is azimuthally integrated at each radial position,
yielding, for each scattering pattern, intensities for the 16 seg-
ments as a function of q. The intensity in each segment for a chosen
radial range, plotted against the segment angular position /, is
approximated with a cosine by means of fast Fourier transform:
Ið/Þ ¼ I0 þ I2 cosð/þUÞ ð1Þ
where I0 and I2 are the norm of the zero and second Fourier compo-
nents, respectively, andU is the phase of the second Fourier compo-
nent. The data treatment is explained in detail elsewhere [39]. The
data were treated using self-written MATLAB (2011, The Math-
Works, Natick, USA) routines.
The SAXS signal along radial lines through the carious lesions
was plotted from 0 to 45 in the direction of maximum extension
of the lesion in 15 increments. Control plots of sound tooth struc-
ture were made along radial lines of the same specimen, but be-
cause natural caries was studied, the control plots could not be
made at the same site as the caries. Therefore, the control samples
inevitably differed slightly from the carious samples with respect
to enamel and dentin thickness and radius of curvature. Addition-
ally, because the moderate caries specimen had lost some surface
enamel, its outer endpoint, did not coincide with that of the intact
controls. The following data fields were examined and plotted for
sound control samples and for samples through the moderate
and incipient carious lesions. The mean orientation of the scatter-
ing signal can be extracted from the phase term U given in Eq. (3).
The orientation of the scattering signal is generally perpendicular
to the main orientation of the scattering structures, e.g., crystallites
in dentin and enamel.
3. Results
The SAXS study includes results from two representative exam-
ples of the carious process: a moderate lesion with surface loss
reaching dentin with a horizontal orientation (specimen H); and
an early surface lesion with a vertical orientation (V). Both exam-
ples are smooth surface lesions. Control samples were taken from
healthy unaffected enamel in the same tooth specimens.
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3.1. Moderate lesion reaching dentin, specimen H
Fig. 1 shows the position of specimens H and V within the cor-
responding teeth, in a three-dimensional (3-D) lCT rendering.
Specimen H presented a moderate lesion extending to the dentin,
as visible in the SRlCT slice (Fig. 1C). The outermost surface enam-
el (zone 1) was intact at the peripheral borders of the lesion, but
was absent from the central part of the lesion, probably as a result
of the carious process. Within the remaining carious lesion, three
additional zones were discerned; these were described by a profile
of X-ray absorption through the center of the lesion (Fig. 1E). Zone
2 extended through half the thickness of the enamel and exhibited
the lowest X-ray density, with a mean absorption corresponding to
86% of that of comparable unaffected enamel, and minima of 76%.
Zone 3, a narrower band, deeper than and surrounding the first
zone, showed X-ray absorption comparable with that of unaffected
enamel, especially towards the sides of the lesion. Finally, zone 4,
adjacent to the second and reaching the dentin, again displayed
slightly decreased absorption with respect to unaffected enamel,
with a mean of 93% and minima of 88%. Bands of alternating
X-ray absorption could be seen in the deeper parts of the lesions
on both sides of its deepest extension.
The total scattered intensity is described in Fig. 2. Fig. 2A–C
shows the intensity of the scattering signal on a line through the
lesion (red dots) and one through unaffected enamel (blue dots),
in the q ranges corresponding to 10–20 nm, 100–110 nm and
190–200 nm, respectively. The momentum transfer q is defined
as q ¼ 4pk sinðhÞ, where k is the wavelength of the scattering X-rays,
and h is the half scattering angle. q is related to the real space peri-
odicity d by q ¼ 2pd . Fig. 2D shows three profiles through unaffected
enamel at different positions in the specimen (cf., image bottom
right) in the range 100–110 nm. The abscissae of the plots were re-
scaled so that both the DEJ and tooth surface (TS) were superim-
posed. Little difference in scattered intensity plots could be
discerned among the unaffected control samples.
Within the moderate carious lesion, distinct scattering intensity
zones were discerned; they were largely coincident with the
absorption zones, and are indicated by the shaded regions in
Fig. 2A–C. Zone 2 exhibited high scattering in the body of the le-
sion, extending through half the enamel thickness; zone 3 was
Fig. 1. (A, B) Position of specimens H and V in a 3-D lCT rendering of the teeth. (C, D) Selected virtual cuts through the SRlCT data of the tooth slices. The carious lesion in
specimen H (C) can be identified as darker region in the enamel, extending from the TS to the dentin. The funnel-shaped subsurface lesion in specimen V (D) appears as darker
spot near the outer limit of the enamel. (E, F) Line plots of X-ray absorption through the specimens according to the dashed lines in (B) and (C), respectively. The line through
unaffected enamel in specimen H (C) lies outside the field of view. The abscissa was rescaled so that both the DEJ and TS were superimposed.
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an intermediate band with reduced scattering; and zone 4 a region
with increased scattering, approached the DEJ. Scattering intensi-
ties from zones 3 and 4 became more and more alike for smaller
features in the 10–20 nm range. No such zones were found in unaf-
fected healthy enamel over the ranges examined (Fig. 2A–D). The
total scattered intensity of sound unaffected bulk enamel was al-
most an order of magnitude lower than the peak signal at the cen-
ter of the body of the carious lesion. Table 1 summarizes the optical
and X-ray scattering behavior of each zone.
As for all the plots in the present paper, additional data sets
were created along lines rotated ±15 from the central lines
through the maximum extensions of the lesions depicted in Figs. 2
and 4–6 (data not shown). Little difference was found between
these additional lines and the central lines; angled lines simply
produced more oblique images of the same features.
In the narrow region of the DEJ interface, the plots of carious
and unaffected control samples intersected (Fig. 2A–C). However,
increased scattering intensity was found in the affected region of
dentin immediately beneath the DEJ (Fig. 2A–C).
Scattered intensities for points belonging to the three carious
zones (Icar) and points from anatomically similar regions in healthy
enamel (Isound) are compared in Fig. 3A. The ratio Icar/Isound is plot-
ted as a function of momentum transfer q. Zones 1 and 2 presented
similar behavior, the ratio Icar/Isound being constant over all but the
smallest examined q ranges corresponding to periodicities <50 nm.
For zone 2, Icar/Isound amounted to about two-thirds of Icar/Isound of
zone 1. Zones 2 and 4 behaved in a like manner at periodicity
ranges >100 nm. For smaller periodicities, the intensity in zone 4
decreased more rapidly than in zones 2 and 3.
The mean orientation of scattering patterns [39] is displayed in
Fig. 4. The color in the image (Fig. 4E) shows the orientation of the
main scattering signal for each point according to the color wheel.
The line plots show the orientation of the scattering signal with re-
spect to the dashed lines indicated in Fig. 4E, with 0 indicating a
Fig. 2. (A–C) Intensity of the scattering signal on a line through the lesion (red dots) and one through unaffected enamel (blue dots), in the ranges 10–20 nm, 100–110 nm and
190–200 nm, of specimen H, in counts per second according to the dashed lines in (E). Distinct scattering intensity zones can be discerned within the lesion, indicated by the
shaded regions. (D) Three line plots through unaffected enamel at different positions in the specimen in the range 100–110 nm to demonstrate their similarity. (E) 2-D map of
the total scattering intensity at scattering angles corresponding to the range 100–110 nm.
Table 1
Classification of carious zones comparing optical and X-ray scattering behavior.
Pore size/
distribution
Birefringence
([15,20,21])
X-ray
absorption
(with respect to
unaffected
enamel)
Scattering
potential (with
respect to
unaffected
enamel)
Zone
1
intact enamela Negative Approximating
unaffected
enamela
Approximating
unaffected
enamela
Zone
2
Homogeneous
pore size
distribution
between 50
and 200 nm
Positive Reduced (75%
of unaffected
enamel)
Over one order
of magnitude
higher
Zone
3
Homogeneous
pore size
distribution
between 50
and 200 nm
Positive Approximating
unaffected
enamel
About five
times higher
Zone
4
Prevalence of
larger pores
(here above
100 nm)
Negative Slightly
reduced (93%
of unaffected
enamel), with
bands
approximating
unaffected
enamel
Over one order
of magnitude
higher
a The statements concern specimen V.
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parallel alignment. Fig. 4A–C shows the orientation of the scatter-
ing signal in the ranges 10–20 nm, 100–110 nm and 190–200 nm,
respectively, along a line through the lesion. A plot through unaf-
fected healthy enamel, showing the orientation of the scattering
signal related to features between 100 and 110 nm, is shown in
Fig. 4D. The abscissae of the plots were rescaled so that both the
DEJ and TS were superimposed. Carious enamel samples and their
sound unaffected controls exhibited remarkably little difference in
their values over the range of periodicities studied.
Fig. 5D shows the azimuthal plot around the direct beam of the
total scattered intensity in a radial range corresponding to 100–
110 nm, for a point in the caries (red dots) and in unaffected enam-
el (blue dots). The SAXS intensity is localized mainly along the
equatorial direction of the crystallites (i.e., parallel to the TS) in
both carious and unaffected enamel, giving rise to two distinct
peaks. The increased intensity of the scattering signal from carious
enamel is almost solely associated with the direction perpendicu-
lar to the crystallites, whereas the increase in intensity observed in
all other directions was an order of magnitude smaller. The width
of the peaks is related to the anisotropy of the scattering features
within the specimen. For each raster scan point, the peaks were fit-
ted with Gaussians and a constant background, and the FWHMwas
extracted. Fig. 5E shows the FWHM for each point in the range cor-
responding to 100–110 nm. In zone 2, slight changes to the FWHM
of the equatorial scattering can be identified. The red and blue dots
indicate the points fromwhich the azimuthal intensity distribution
in Fig. 5A was plotted. Fig. 5A–C shows the FWHM of the equatorial
peaks in the ranges 10–20 nm, 100–110 nm and 190–200 nm,
respectively, along a line through the lesion (red dots) and a line
through unaffected enamel (blue dots). A slight decrease in the
FWHM, i.e., an increase in SAXS anisotropy, can be found in the car-
ious region, especially towards larger nanometer periodicities.
3.2. Early surface enamel lesion, specimen V
The orientation of the section of interest within the tooth is dis-
played in Fig. 1B. Selected slices through the SRlCT data set of
specimen V are shown in Fig. 1D. The carious lesion was visible
as a small darker region in the sub-surface enamel owing to re-
duced X-ray absorption. No surface loss was evident. Line plots
showed that the absorption of the outermost surface of the lesion,
zone 1, approximated that of unaffected controls; the body of the
lesion, zone 2, exhibited a definite subsurface dip in X-ray absorp-
tion (Fig. 1F). In all other ways, X-ray absorption did not differ
among control and lesion plots.
Total scattered intensity is described in Fig. 6A for the range
100–110 nm, along a line through the lesion (red dots) and through
unaffected enamel (blue dots). Plots for the other examined ranges
exhibited equivalent behavior (data not shown). The small early
carious lesion differed from the moderate carious lesion. The very
outermost surface enamel, zone 1, indicated by the shaded region
labeled 1, approximated the control samples, and a single narrow
sharp spike in scattered intensity, the body of the lesion, was local-
ized to the outer half of the enamel thickness, indicated by the
shaded region labeled 2.
Fig. 3B, shows the ratio Icar/Isound for a point inside the small lesion
and a comparable point in healthy enamel, analogously to the three
regions of the moderate lesion. The ratio keeps a constant value for
periodicities down to 100 nm, and decreases towards larger scatter-
ing angles, analogous behavior to zone 2 in the moderate lesion.
The angle of scattering signals in the range 100–110 nm with
respect to a radial line is displayed in Fig. 6C (through the carious
lesion) and D (through healthy unaffected tissue). Little difference
could be discerned between values from the carious region and
their controls. These data are shown in separate plots for the sake
of clarity. Plots for the other examined ranges exhibited equivalent
behavior (data not shown). Anisotropy, as extracted from the
FWHM of the equatorial scattering (cf., Fig. 5), is shown in
Fig. 6B, along a line through the lesion (red dots), and one through
unaffected enamel (blue dots). The FWHM for each raster scan
point in the range 100–110 nm is shown in Fig. 6F. The carious le-
sion is visible as slightly darker zone near the TS.
4. Discussion
4.1. Zone classification
Absorption data were consistent with prior radiographic analy-
ses. The small early lesion had a narrow dip in absorption that was
sharply localized to a zone just beneath the relatively normal out-
ermost enamel. These results suggest that, in these real-life carious
lesions, the outermost enamel can readily re-mineralize, or even
hyper-mineralize in an appropriate environment [7]. Many prior
studies profiling carious lesions have shown increased X-ray den-
sity, increased mineralization, micro- and nano-hardness of zone
1 surface enamel [9,10,12–14,16,41–43]. Physicochemical phe-
nomena and protection by saliva seem the most likely reasons
for the fortification of the outermost enamel [7,44]. Although sur-
face protection does not occur in all cases, it has been reported in
both naturally occurring and artificial lesions [9,10,12–14,16,41–
44]. However, re- or hyper-mineralization of the outermost enamel
is a double-edged sword: it prevents substrates, calcium and phos-
phate ions, reaching the deeper parts of the lesion, thus preventing
re-mineralization of deeper parts of the lesion. The moderate le-
sion demonstrated the additional complexity of the bulk and deep-
est parts of the enamel lesion being separated by an intermediate
denser and thus less porous zone and containing several alternat-
ing layers or laminations, displayed as layers of alternating X-ray
density (Fig. 1) [45]. The laminations may have been produced
by successive periods of cyclic de- and re-mineralization over dif-
fering time periods when the environment may have favored one
or other process [45].
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Fig. 3. (A) Ratio Icar to Isound of the scattering signal of a representative point in each
carious zone Icar to a comparable point in healthy unaffected enamel Isound as a
function of the feature size d for specimen H. (B) Ratio Icar to Isound for one point
inside the lesion and a corresponding point in healthy unaffected enamel of
specimen V as a function of momentum transfer q.
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Differences in birefringence due to the production of submicro-
scopic pores during de-mineralization have been used to segment
the smooth surface carious enamel lesion into four zones: the outer
surface (zone 1), the body of the lesion (zone 2), the dark zone
(zone 3), and the translucent zone (zone 4) [15,20,21]. Most of
the outermost enamel surface of the moderate lesion, zone 1,
had been lost and thus was not studied. However, the remaining
lesion was divisible by absorption and scattering intensity into
zones broadly coincident with those defined by differences in opti-
cal birefringence [15,20,21]. In the small early lesion, zones 1 and 2
were evident and broadly coincident with those defined by differ-
ences in optical birefringence.
Since both methods are sensitive to the presence of pores with-
in the calcium phosphate phases of the enamel, the assumption
that the zones coincide is reasonable. As optical birefringence, re-
lated to the wavelength of visible light, it is relatively sensitive to
long-range orders in comparison with SAXS, the methods are
complementary.
4.2. Pore size distribution
The increase in the abundance of pores in carious tooth struc-
tures must be considered to be a primary defining feature of the
carious process. Accordingly, an increased scattered intensity in
carious dentin [31] and enamel [35] has been reported. Since the
SAXS signal intensity is not homogeneous across the thickness of
the enamel, the ratio Icar/Isound of the SAXS signal from the carious
lesion and from an anatomically equivalent region was chosen to
illustrate changes in scattering behavior.
In zone 4 of the moderate lesion, generally consistent with the
translucent zone, Icar/Isound decreased markedly <100 nm, indicative
of larger pores. The fact that the Icar/Isound was constant for all inves-
tigated nanometer ranges except the smallest ones <50 nm in both
zones 2 and 3 suggests the presence of a more homogeneous distri-
bution of pore sizes in the investigated range 200–50 nm.
It has been hypothesized that, in the outer regions of surface
caries and, notably, in the dark zone (zone 3), some degree of re-
mineralization occurs [46], or that the redistribution of endoge-
nous organic material inside the lesion leads to increased mineral
content [47]. This similar behavior of the ratio Icar/Isound as a func-
tion of scattering angle in zones 2 and 3 is indicative of a similar
caries-induced destruction pattern, consisting of larger and smaller
pores, where the smaller ones are the result of partially re-miner-
alized larger voids [45,48]. The higher scattered intensity in zone 1
arises from a more advanced status of enamel deterioration, i.e., a
higher density of pores, in agreement with its reduced X-ray den-
sity. The decreased number of pores in zone 2 is partly due to nat-
ural re-mineralization.
The findings represented in Figs. 1–6 are consistent with the tra-
ditional models of the carious lesion derived from light microscopy,
Fig. 4. (A–C) Orientation of the scattering signal along the black dashed line indicated in the image (E). The values given correspond to the angle between the main
orientation of the scattering signal and the black dashed radial line, with 0 indicating a parallel alignment. Plots (A–C) show the orientation of the scattering signal in the
ranges 10–20 nm, 100–110 nm and 190–200 nm, respectively. The vector plots demonstrate the perpendicular alignment of the scattering signal to the radial line in enamel.
The shaded regions correspond to the zones as identified in Fig. 2. (D) Orientation of the scattering signal along a line through unaffected healthy enamel, in the range 100–
110 nm, cf., white dashed line in (E). (E) 2-D map of the orientation of the scattering signal at scattering angles corresponding to the range 100–110 nm, according to the color
wheel.
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microradiography and microhardness profiles [12], but have ad-
vanced knowledge in defining the underlying nanostructures.
Despite increased porosity and decreased density in the enamel
and dentin immediately adjacent to the DEJ, the scattering inten-
sity and absorption plots for carious and unaffected control sam-
ples intersected at this internal interface. The DEJ, a most
remarkable structure, durably unites extremely dissimilar bioma-
terials, enamel and dentin, preventing crack propagation from brit-
tle enamel into dentin, and preventing interfacial delamination
[49–52]. This finding has extremely important implications for
the restorative strategies used to address carious teeth, suggesting
that ultraconservative approaches, beyond current minimally inva-
sive approaches [53], could preserve an intact DEJ, even if bounded
on both sides by partly de-mineralized tissues.
In the small early lesion, only a slight decrease in X-ray density in
the outermost enamel was observed; whereas, the body of the lesion
had a marked decrease. The scattering signal intensity presented a
similarbut inversebehavior,being comparablewith that fromhealthy
enamel at the surface of the tooth and increasing with decreasing
X-ray density of the specimen. The Icar/Isound behavior is similar to that
found in the fourth, deepest zone in the moderate lesion. The ratio
Icar/Isound is higher for small scattering angles, i.e., periodicities
>100 nm. This similarity indicates that both the subsurface body
lesion and the deepest zone in the moderate lesion are cases of early
caries attack, and a similar pore size distribution can be expected.
4.3. Nanostructure orientation and anisotropy
The mean orientation of the scattering signal remained un-
changed among carious and sound tooth structure in both early
and moderate carious lesions. The mean orientation of the scatter-
ing signal in healthy enamel was clearly related to the arrange-
ment of the crystallites in the rods running from the DEJ towards
TS, with their c-axis parallel to the crystallite long axis [54], the
scattering signal being aligned perpendicularly to this direction.
Apparently, the contribution of the interrod crystallites (rod
sheaths and tails) is less than the scattering from the highly or-
dered and closely packed crystallites within the rod body [55–60].
As illustrated in Fig. 5, caries-induced changes only slightly
modify the SAXS signal anisotropy, towards higher anisotropy.
The distinction was more marked in zone 2, where the highest de-
gree of de-mineralization was found. Similarly, in the subsurface
lesion in specimen V, where the de-mineralization reached 25%, a
slight increase in anisotropy was observed. Here, the selective hol-
lowing [61] and complete dissolution of individual crystallites
within the rods leads to the increased equatorial scattering, paral-
lel to the DEJ, while increase in scattering signal from the more
resistant interrod crystallites is less prominent. In zone 3, where
a certain degree of re-mineralization has taken place, the FWHM
of the SAXS approximates that of unaffected enamel, i.e., anisot-
ropy is decreased compared with zone 2, indicating that re-deposi-
tion processes give rise to at least partially isotropic structures.
While the convergence between the FWHM values in carious and
healthy tissues might indicate the restoration of tooth morphology
through the naturally occurring re-mineralization, this does not
necessarily mean that this is actually the case, since it is impossible
to determine from the SAXS signal whether the re-deposition of
material is happening preferentially at certain locations, such as
within the rod or the interrod. The SAXS signal appears highly
anisotropic, however, indicating that despite de- and re-minerali-
Fig. 5. (A–C) FWHM value of the azimuthal SAXS intensity distribution in the ranges 10–20 nm, 100–110 nm and 190–200 nm, respectively, along a line through the lesion
(red dots) and one through unaffected enamel (blue dots, cf., (E)). The FWHM value determination is illustrated in (D). (D) SAXS intensity as function of the azimuthal angle
around the central beam, for a point in the lesion (red-colored dots) and one in healthy enamel (blue-colored dots) of specimen H, according to (E). The intensity distribution
was fitted with two Gaussians and a background. (E) The FWHM of the Gaussians was extracted for each raster scan point. Zone 1 of the lesion appears slightly darker than
unaffected enamel, indicating increased anisotropy of the scattering signal.
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zation processes in zone 3 much of the enamel nanostructure is re-
tained. Zone 4 presents FWHM values close to those from unaf-
fected enamel. Since only little re-mineralization can be expected
in zone 4, it appears that, despite caries-induced destruction, the
structural anisotropy of the affected enamel is preserved. The
retention of organization, despite de-mineralization, has important
implications for the potential for interventions to not only re-min-
eralize de-mineralized enamel, but to do so in the original organi-
zational form at the nanostructural level.
4.4. Confluence with classical caries models
Although the sample size was small, the lesions studied were
carefully chosen to bracket the classically studied early carious le-
sion. The examination was performed in different perpendicular
planes. The caries lesions were natural, probably occurring over
years with innumerable cycles of de-mineralization and re-miner-
alization, rather than being artificially produced. They comple-
mented prior SAXS data on fissure caries and an advanced
grossly cavitated lesion. Instead of a small amount of data on a
large sample, this work produced an enormous amount of data
(over 110,000 frames) on a small, but well-anchored, sample. It
is important to note that the findings with respect to unaltered en-
amel were completely consistent with prior SAXS data on a variety
of other teeth [33]; the data describing the studied lesions, early
and moderate, in different planes, were entirely consistent with
one-another and with classical models [9,10,12,14–
16,20,21,31,35,41–43,45]. The findings were consistent with SAXS
data previously reported for an advanced cavitated lesion and for
fissure caries [33,36].
5. Conclusions
The fact that both orientation and anisotropy of the SAXS signal
from carious enamel closely resembled those from unaffected
regions reinforces the notion that naturally occurring de- and
re-mineralization produce an anisotropic structure that retains
the original nanoscale organization. This current SAXS data,
Fig. 6. Combined plots for specimen V. (A) Intensity of the scattering signal on a line through the lesion (red dots) and one through unaffected enamel (blue dots), in the range
100–110 nm, according to (E). The scattering signal in the outermost carious enamel, indicated by the shaded region labeled 1, approximates that of healthy enamel. The body
of the carious lesion, located in the outer half of the enamel and indicated by the shaded region labeled 2, yields an increased scattering signal. (B) FWHM of the azimuthal
intensity distribution of the scattering signal on a line through the lesion (red dots) and one through healthy enamel (blue dots), in the range 100–110 nm according to (F).
The inner 50% of the lesion exhibits increased anisotropy, i.e., a reduced FWHM value. (C, D) Orientation of the scattering signal along a line through the lesion (C) and one
through healthy enamel (D), in the range 100–110 nm according to (E), with respect to the dotted lines in (E). The carious lesion cannot be readily distinguished. (E) 2-D map
of the total scattered intensity in the range 100–110 nm for specimen V. The carious lesion appears as a bright spot at the enamel surface. (F) 2-D map of the FWHM of the
azimuthal intensity distribution in the range 100–110 nm. The lesion exhibits slightly increased anisotropy compared with unaffected enamel.
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demonstrating the preservation of orientation in carious lesions,
independent of degree of de-mineralization or pore morphology
over 20–200 nm, advances understanding of the effects of de-
and re-mineralization cycles at the crystallite level.
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3 Conclusions
SRµCT is a suitable tool for the high-resolution 3D imaging of human teeth, allow-
ing for the rendering of the dentin tubules, which dominate the tooth microstruc-
ture. Both phase and absorption contrast imaging methods are viable alternatives.
Intensity-based segmentation can be preformed through thresholding. However, a
second derivative filtering approach yields a more reliable tool when the voxel size
of the dataset is below the mean tubule diameter. In this case, the filtering has the
advantage of being less sensitive to noise. Variations in filter size might lead to an
ulterior improvement of the segmentation.
Single-distance phase retrieval is preferred over multiple-distance phase retrieval or
absorption data when imaging dentin tubular structure. Phase retrieval methods
offer increased density resolution compared to absorption contrast measurements,
while still retaining sufficient spatial resolution necessary for the visualization of
individual tubules. Thus, these methods prove advantageous for imaging tooth
tubular structure. Due to the pixel size necessary, below 1 µm, only specimens with
diameters below 1 mm can be visualized simultaneously today. For an exhaustive
characterization of the 3D organization of the tubuli, scans of multiple specimens
obtained from the same tooth must be performed. Since beamtime at synchrotron
radiation sources is limited, lengthly phase retrieval approaches, such as holotomog-
raphy, which retrieves the phase from multiple scans at different specimen-detector
distances, are disadvantageous compared to single-distance phase retrieval, where
only one scan per specimen is necessary.
SAXS reveals strong anisotropies on the nanometer scale in both dentin and enamel.
The scattering signal, which mainly originates from the inorganic nanometer-sized
crystallites, shows preferential orientation depending on the location within the
tooth. The architecture of the tooth follows the directions of maximal mechani-
cal load. The orientations of the nanostructures within the dentin and the enamel
are altered. Within certain regions, the nanostructures are almost perpendicular to
each other at the dentin-enamel junction.
This knowledge should aid the development of bio-inspired dental fillings, which
mimic the anisotropic structure of the tooth from the macroscopic scale, e.g. con-
sisting of two distinct materials, in analogy to dentin and enamel, down to the
nanometer-range, for example through the incorporation of functionalized carbon
nanotubes. Such dental fillings should have superior resistance to thermal and me-
chanical loads.
Carious lesions, both in dentin and enamel, exhibit increased scattering potential
compared to healthy tooth tissues. Since SAXS arises from electron density differ-
ences, the increased scattering signal is to be attributed to an increase in nanoscopic
porosity, induced by the dissolution of the inorganic species. SAXS is extremely sen-
sitive to caries, and allows to clearly identify mild lesion that are, for example only
barely detected by X-ray absorption.
52 3 Conclusions
In moderate smooth enamel caries, which barely reaches dentin, SAXS allows for the
identification of distinct zones presenting different scattering behavior. These zones
are consistent with the classification of smooth surface lesions as defined by polarized
light microscopy. Scattering intensity identifies three distinct zones in the moderate
lesion’s enamel: the body of the lesion characterized by strong scattering over the
investigated ranges from 200 to 10 nm, indicative of high porosity and a wide pore
size distribution; a second region presenting markedly less overall scattering, slightly
lesser degree of orientation and slightly increased absorption; and a third deepest
region, likely containing larger pores than the other regions with intermediate overall
scattering, degree of orientation and absorption. A fourth zone, on the surface of
the tooth exist and is speculated to possess scattering properties similar to those
of unaffected healthy enamel. These zones are linked to the cyclic de- and re-
mineralization occurring in the oral cavity.
Despite the caries induced deterioration, SAXS signal reveals the unaltered spatial
organization of the nanometer-sized hydroxy-apatite crystallites within the carious
lesion in enamel. This reinforces the notion that de-mineralization produces an
anisotropic structure that retains the original nanoscale organization.
Despite increased porosity and decreased density in the enamel and dentin immedi-
ately adjacent to the DEJ in carious lesions extending from the enamel through the
dentin, the DEJ within the lesion presents similar scattering behavior to the DEJ in
healthy parts of the tooth. This indicates that the DEJ could preserve its original
structure, and therefore also its remarkable mechanical properties, even if bounded
on both sides by partly de-mineralized tissues.
At least during the initial stages of dentinal caries, when only mild de-mineralization
is present, a significant part of the collagen network is conserved in abundance and
orientation. It is noteworthy that differences in the degree of preservation of the
collagen occur between specimens obtained from the same tooth. Thus, not only
the total degree of de-calcification, but also the location within the carious lesion,
seems to play a role concerning the damage to the collagen network. These findings
were highlighted by the Editor of “Nanomedicine: Nanotechnology, Biology, and
Medicine” as “groundbreaking study” and declared to be “clinically relevant” [40].
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